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Department  of  the  Navy 
Office  of  Naval  Research 
Washington,  p.c.  20360 


In  a  program  designed  to  inter-relate  the  chemistry  and  norphology  of  initial 
particulates  with  micros tructure  development  and  mechanical  properties  of  the  final 
product,  it  was  found  that  the  powder  precursor  may  have  an  Important  influence 
on  microstructure.  Vacuum  hot  pressed  high  purity  MgO  derived  from  Kg(CH)p 
displayed  a  marked  duplex  microstruct'ure  and  a  mean  grain  size  thirty  times  larger 
than  that  in  bodies  fabricated  from  carbonate-derived  material  of  the  came  purity 
and  initial  particle  size.  The  duplex  structure  evolved  early  in  the  course  of 
consolidation  (less  than  70$  density)  and  is  attributed  to  the  high  degree  of 
mutual  orientation  of  MgO  crystallites  within  relics  of  the  parent  brucite  plate. 
Fqulaxed,  dense  microBtructures  of  Mgo.99cCaO.OO£j°  were  prepared  by  calcination 
of  coprecipl tated  carbonates  and  display' grain  size  smaller  than  the  high  purity 
material  under  comparable  processing  cycles.  Evidence  of  a  partially-penetrating 
grain  boundary  phase  was  found.  Grain  growth  rates  at  lv2m  and  lvlO°C  decrease 
rapidly  with,  tine  due  totr&nsitlon  from;  boundary-controlled  to  pore-controlled 
to  abnormal  grain  growth.  Room  temperature  measurements  of  delayed  fracture  in 
three  different  environments  were  determined  for  high  purity  vacuum  hot  pressed 
MgO  derived  from  the  carbonate,  and  compared  with  results  for  less  pure  materials. 
The  high  purity  magnesia  displayed  higher  resistance  to  stress  f-orrosion  and  a 
higher  static  fatigue  limit  than  any  other  grade  of  material  examined. 
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FOREWORD 


This  report  was  prepared  by  the  Systems  Division  of  Avco  Corporation 
under  Contract  N0OQ14-7O-C-0138  with  the  U.S.  Office  of  Naval  Research.  The 
work  was  administered  under  the  direction  of  Dr.  Arthur  Diness,  Office  of 
Naval  Research. 

The  report  summarizes  work  conducted  from  1  January  1970  to  31  December 
1972.  Two  publications  will  result  from  the  investigation:  "A  Relation 
Between  Precursor  and  Microstructure  in  MgO”  (which  will  be  submitted  to  the 
Journal  of  the  American  Ceramic  Society)  and  "Stress -Corrosion  Cracking  in 
Polycrystalline  MgO”  (which  will  be  presented  at  the  symposium,  "Fracture 
Mechanics  of  Ceramics,"  University  Park,  Pa.,  July  1973,  and  published  in  the 
Proceedings  of  that  conference).  Manuscripts  to  be  submitted  for  these  two 
publications  are  attached  as  Appendices  A  and  B,  respectively.  The  results 
contained  therein  are  only  briefly  summarized  in  ;-.he  body  of  this  report. 

The  authors  are  pleased  to  acknowledge  the  contributions  of  a  number 
of  workers  at  Avco  Systems  Division  to  the  program:  J.  Centorino  and 
J.  Zgrebnak  for  materials  preparation,  R.  Gardner  and  P.  Fuce  for  ceramo- 
graphic  preparation,  C.L.  Houck  for  electron  microscopy  and  p.  Berneburg 
for  x-ray  studies. 
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I .  INTRODUCTION 


Polycrystalline  bodies  are  involved  in  nearly  all  applications  of 
ceramics.  The  technologically-important  properties  of  these  materials  are. 
in  large  part,  determined  by  their  micros true ture .  The  relation  between 
mechanical  properties  and  grain  size,  for  example,  has  long  been  known. 

The  final  microstructure  obtained  in  a  body,  however,  is  in  turn,  dependent 
upon  a  number  of  kinetic  processes  which  occur  during  fabrication:  Grain 
growth  and  changes  in  pore  size,  distribution  and  morphology.  Grain  boundaries 
are  involved  in  all  of  these  processes.  Despite  the  importance  of  boundary 
properties,  much  remains  to  be  learned  about  the  kinetics  of  grain  boundary 
migration  in  ceramics,  and  the  interaction  of  boundaries  with  pores  and 
impurities.  It  has  been  only  recently  appreciated .  for  example,  that  the 
impurities  normally  present  in  ceramics  are  commonly  segregated  at  grain 
boundaries  even  when  present  in  bulk  concentrations  as  low  as  jjO  ppm.^  Impurity 
segregation  may  give  rise  to  enhanced  csss  transport  at  grain  boundaries^ 
and  thus  completely  modify  the  kinetics  of  processes  such  as  creep,  oxidation, 
sintering  and  electrical  conduction.  Segregation  is  similarly  known  to  directly 
affect  properties  such  as  strength  and  mechanical  behavior A 

Impurity  segregation  may  thus  influence  the  properties  of  ceramics  at 
two  levels.  Certain  properties  are  directly  influenced  by  the  chemical  and 
physical  state  of  grain  boundaries.  On  a  second  level,  impurity  segregation 
influences  microstructure  development,  and  thus,  through  its  effect  during 
processing,  may  control  those  properties  which  are  dependent  upon  micro- 
structure.  (An  example  is  the  intentional  addition  of  small  amounts  of 
impurity  to  retard  grain  growth  during  sintering.  This  prevents  entrapment 
of  pores  within  grains  and  has  permitted  the  sintering  of  oxides  to  full 
theoretical  density. )  Few  studies  of  boundary-sensitive  properties  in 
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ceraraics  have  adequately  characterized  the  physical  and  chemical  state  of 

grain  boundaries.  Little  is  known  of  the  relation  between  the  chemistry  of 

the  initial  particulates  from  which  a  ceramic  body  is  formed,  and  the  impurity 

distribution  in  the  final  microstructure.  This  situation  further  indicates 

a  need  for  the  evaluation  of  microstructure  development  and  properties  of 

an  ultrapure  material  which  is  free,  is  so  far  ae  possible,  from  the  influences 

of  impurity  segregation  and  porosity. 

II.  OBJECTIVES  OF  THE  PRESENT  STUDY 

The  present  report  summarizes  tne  results  cf  a  M.ree-^--ar  program 

designed  to  examine  the  inter-relation  of  mechanical  proper'. i es .  microstructure 

evolution  and  impurity  precipitate  distribution,  on  the  one  hand,  with  the 

chemistry  and  characteristics  of  the  initial  particulates  from  which  the 

ceramic  body  is  formed.  Magnesium  oxide  was  selected  for  study  for  a  number 

of  reasons.  The  material  is  of  considerable  importance  (e.r..  ns  a  refractory. 

use  as  transparent  armor,  and  in  high  temperature  infrared  applications). 

The  material  has  the  rocksalt  structure  of  the  simpler  monovalent  alkali 

halides,  and  thus  might  be  a  model  oxide  to  which  understanding  of  simpler 

ionic  materials  might  be  extended.  Several  measurements  of  grain  growth 

U  f 

kinetics  have  been  made  for  this  material  which  are  not  in  complete 

accord.  Studies  of  delayed  fracture  have  been  conducted  with  MgO  (see 

Appendix  B)  and  recent  results'  indicate  that  this  important  property  is 

highly  sensitive  to  purity  and  the  chemical  state  of  grain  boundaries. 

Selection  of  MgO  for  study  was  also  attractive  since  extensive  data  are 

8 

available  for  the  rates  of  diffusion  of  several  of  the  impurity  (e.g..  ca . 

Al,  Fe )  cations  commonly  present  in  commercial  grade  magnesia.  Such  data 
were  considered  to  be  of  potential  value  in  the  interpretation  of  the  rates 
of  impurity  segregation  and  redistribution. 


The  specific  aims  of  the  program  were 

1.  The  preparation  and  characterization  of  ultrapure  MgO 


particulates  and  also  particulates  which  had  been 
homogeneously  doped  with  controlled  amounts  of 
impurity. 

2.  Consolidation  of  the  particulates  into  fully  dense 
bodies  which  were  pore-free  and  which  had  both  a 
fine  and  uniform  grain  size. 

3.  Examination  of  microstructure  evolution  and  iso¬ 
thermal  grain  growth  kinetics  for  the  materials 
which  were  produced. 

h.  Correlation  of  mechanical  properties  (namely,  delayed 
fracture)  with  specimen  purity  and  microstructure. 

The  results  obtained  in  the  program  are  discussed  in  Section  III. 

The  most  significant  findings  are  that,  in  the  absence  of  notable  impurity, 
the  development  of  microstruoture  in  MgO  depends  markedly  on  the  physical 
arrangement  of  the  particulates  from  which  the  body  is  formed,  and  hence 
on  the  precursor  material.  The  rate  of  stress-corrosion  cracking  in 
polycrystalline  MgC-  depends  markedly  on  purity.  The  high  purity  material 
synthesized  in  this  program  exhibited  a  much  higher  resistance  to  delayed 
fracture  in  T'pO  and  a  higher  static  fatigue  limit  than  any  other  grade  of 
material  whi^h  has  been  examined,  relayed  fracture  in  the  latter  materials 
is  attributed  to  control  by  interaction  of  OK  with  crack  tips  lying  in  a 
calcium  aluminosilicate  grain  boundary  phase.  These  results  are  discussed 
In  detail  in  manuscripts  attached  as  Appendices  A  and  B. 

tit  .  ketuit;: 


3.1  Powder  preparation  and  Characterization 
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3.1.1  Starting  Materials 

Consolidation  of  particulates  into  a  fully  dense  microstructure 
requires  a  highly  reactive  powder  with  submicron  particle  size.  Examination 
of  products  available  from  commercial  sources  failed  to  reveal  a  high 
purity  (  99.99$  MgO)  submicron  magnesia.  High  purity  brucite,  Mg(OH)g. 

and  MgCO^  were,  however,  available.  Production  of  MgO  particles  with  the 
desired  characteristics  was,  therefore,  attempted  through  the  development  of 
controlled  calcination  procedures. 

Mg(0H)2  and  MgC03  powders*  and  consolidated  products  were 
analyzed  by  spark  source  mass  spectrometry  (Table  I).  The  spark  source 
concentrations  were  higher  than  the  vendors'  emission  analysis  and 
indicated  the  presence  of  significant  anion  impurity,  notably  S.  The  Mg(OH)g 
was  further  characterized  by  x-ray  diffraction  and  found  to  be  entirely 
brucite.  Electron  microscopy  revealed  a  plate-like  morphology  for  the 
brucite,  Figure  1. 

3.1.2  Calcination 

The  decomposition  of  Mg(0H)2  and  MgCO^  to  magnesia  was  studied 
in  an  electron  microscope  under  the  influence  of  heating  caused  by  the  electron 
beam,  and  also  as  a  function  of  time  and  temperature  for  powders  heated  in 
vacuum  while  both  static  and  while  rotated. 

Examination  of  the  decomposition  of  brucite.  Mg(0H)2  plates 
under  heating  induced  by  the  beam  of  an  electron  microscope  showed  the 
reaction  to  be  topotactic.  Figure  2a  presents  an  initial  c-axis  electron 
diffraction  pattern  of  a  parent  brucite  crystal.  The  strong  reflections  are  100 
and  110  brucite  maxima.  A  few  weak  MgO  maxima  are  present,  but  the  220  reflection 
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Purchased  from  Johnson-Mattney  through  United  Mineral  Cor.  (U.S.  Distribution). 


CHEMICAL  ANALYSIS  OF  INITIAL  POWDERS  AND  RESULTING  PRODUCT 
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is  notably  absent  upon  further  decomposition.  Figure  2b,  220  MgO 

reflections  appear  on  the  same  radius  vectors  as  110  brueite.  The  220 

magnesia  reflections  became  more  resolved  from  110  brueite  as  decomposition 

progressed,  and  the  brueite  pattern  gradually  diminished  iu  overall  intensity. 

Eventually,  Figure  3c,  a  £_lll7  axis  single  crystal  MgO  pattern  resulted. 

a 

These  observations  confirm  the  results  of  Gordon  and  Kingery"  who  reported 
that  periclase  formed  from  brueite  through  a  coherent  nucleation  and 
growth  process,  with  [wlllJ  and£]loJ  of  periclase  parallel  to  c  and  a 
of  brueite,  respectively. 

Production  of  powders  for  eventual  consolidation  was  accomplished 
through  calcination  in  partial  vacuum.  The  characteristics  of  the  particulates 
produced  was  established  as  a  function  of  time  and  temperature  over  a  range 
of  350  to  1200°C. 

Static  calcinations  were  performed  with  the  precursor  powders 

loosely  packed  in  a  2  mm  bed.  The  periclase  crystallites  were  found  t  be 

oriented  within  a  relic  of  the  parent  brueite  pinto.  Such  plates,  in  turn. 

were  agglomerated  in  groups  over  an  order  of  magnitude  larger.  Figure  3* 

for  example,  presents  electron  micrographs  of  products  produced  at  375°C . 

Calcination  for  55  minutes  produced  10  micron  agglomerates  composed  of 

multi-crystal  relics  of  0.8  microns.  The  particle  size  within  the  relics 

o 

was  estimated  to  be  of  the  order  of  100  A  through  x-ray  line -broadening 
measurements.  This  general  size  was  confirmed  through  direct  examination  of 
the  relics  in  high  magnification  micrographs.  Extension  of  the  calcination 
to  l30  minutes  produced  rod-like  crystallites.  Figure  3b.  A  few  small  MgO 
particles  have  fractured  apart  from  the  relic,  possibly  as  a  result  of 
strain  caused  by  the  decrease  in  molar  volume  accompanying  the  coherent 
nucleation  and  growth  process .  Consolidation  of  the  particulates  produced 
in  this  fashion  resulted  in  duplex  mi orostructvree ,  as  discussed  belov.  . 
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This  was  attributed  in  part  to  the  agglomeration,  and  high  orientation  of 
crystallites  within  the  brucite  relic.  Retention  of  OH  was  also  suspected 
of  having  a  possible  influence.  Subsequent  efforts  were,  therefore,  devoted 
to  dynamic,  rotary  calcinations  in  an  attempt  to  break  up  agglomerates. 
Further,  in  an  attempt  to  eliminate  the  possibility  of  traces  of  OH"  in 
subsequent  microstructure  development,  the  range  of  calcination  temperatures 
was  extended  to  those  much  higher  (to  1200°C)  than  required  to  decompose 
Mg(0H)2- 

Rotary  calcinations  were  initially  performed  within  a  new 
platinum  cylinder  positioned  at  an  incline  of  20°.  The  cylinder,  in  turn, 
was  held  within  a  closed-end  high  purity  alumina  tube  which  was  evacuated 
and  rotated  at  4  rpm  during  calcinations  at  temperatures  up  to  1200°C. 
Eventually,  to  facilitate  production  of  powders  in  the  volume  necessary  to 
prepare  large -diameter  pressings,  a  larger  capacity  continuous  apparatus 
was  specially  constructed. 

Figure  4  illustrates  the  change  in  crystallite  size  and 

agglomeration  produced  through  rotary  calcination  of  Mg(0H)2  for  constant 

time  (1  hour,'  at  gradually  increased  temperature.  At  800°C  (Figure  4a) 

calcination  produced  a  mean  crystallite  size  of  260  A.  Some  agglomerates 

(arrow,  in  Figure  4a),  while  polycrystalline,  appear  to  have  sintered  into 

a  tight  aggregate  which  is  suspected  (as  a  result  of  subsequent  observations 

of  microstructure  after  consolidation)  of  serving  as  a  seed  for  secondary 

grain  growth.  Calcination  at  10000c,  Figure  4b  did  not  produce  disc-like 

aggregates:  some  fracturing  appears  to  have  taken  place.  The  high  degree  of 

crystallite  orientation,  however,  still  persists  and  is  noteworthy.  At 

the  highest  temperature  employed.  Figure  4c,  the  mean  crystallite  size 
.  o 

increased  to  300  A,  and  evolution  of  the  particles  to  a  cubic  morphology  has 
progressed  further.  Again,  the  highly  oriented  relation  of  crystallites 
v/I  th  an  aggregate  pcrsibc. 
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The  distribution  of  crystallite  sizes  for  the  calcination  at 
o 

120J  C  is  presented  in  Figure  5*  A  plot  of  the  percentage  of  grains  smaller 
than  a  given  size  plotted  as  a  function  of  particle  size  yields  a  linear 
relation  when  plotted  on  log-normal  probability  paper.  The  log-noma] 
distribution  is  to  be  expected  for  normal  nucleation  and  growth. 

Rotary  calcinations  were  also  conducted  with  reagent  grade  MgCOs.* 
Resulting  particulates  are  illustrated  in  Figure  6  for  representative  runs 
conducted  at  800°C  and  1100°C.  The  agglomerates  produced  at  800°c  are  much 
larger  than  those  produced  with  Mg(0H)2  under  comparable  conditions.  The 
crystallites  displayed  a  cubic  morphology,  as  with  Mg(0H)2-derived  materia], 
at  higher  temperatures,  but  the  aggregates  are  much  more  open.  That  is, 
greater  space  occurs  between  particles,  and  the  high  degree  of  mutual 
orientation  which  is  characteristic  of  the  brucite -derived  material  is  not 
present  (see  also  Figure  lc  in  Appendix  A).  Figure  6c  contrasts  the 
products  of  the  present  study  with  a  MgO  powder  purchased  from  Honeywell. 

This  material  had  been  produced  by  calcination  of  another  reagent -grade 
MgCOy**  The  Honeywell  material  displaced  a  larger  crystallite  size  than 
any  product  prepared  in  the  present  study.  Other  characteristics,  namely 
the  cubic  morphology  and  the  random  mutual  arrangement  of  crystallites,  are 
similar  to  those  of  the  present  work.  The  agglomerates  in  the  Honeywell 
material,  however,  appear  tc  be  somewhat  smaller. 

Table  2  summarizes  the  mean  crystallite  size  for  several  of  the 
calcination  treatments  which  were  explored  in  this  program.  Examination 
of  the  rate  of  mean  particle  size  increase  with  reciprocal  temperature  of 

*  Johnson-Matthey. 
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TABIff  2 

MgO  CRYSTALLITE  SIZES  PRODUCED  UNDER  VARIOUS  CALCINATION  CONDITIONS 


Starting 

Compound 


Mg(0H)2 


MgCOg 


Lot 

No. 

Condition 

Temp. 

°C 

Time 

Min. 

Mean 
Crystal!  i' 

SH191**-* 

Static 

350 

55 

ca  100 

SH19^ 

Static 

375 

55 

ca  100 

SH182 

Static 

375 

180 

ca  100 

SH19^ 

Static 

375 

180 

ca  100 

SH182 

Static 

800 

60 

U5C 

SH182 

Dynamic 

800 

60 

260 

SH182 

Dynamic 

900 

60 

263 

SH182 

Dynamic 

1000 

60 

278 

SH182 

Dynamic 

1100 

30 

288 

SH182 

Dynamic 

1100 

60 

293 

SH182 

Dynamic 

1100 

120 

299 

SH182 

Dynamic 

1200 

10 

333 

SH182 

Dynamic 

1200 

30 

358 

SH182 

Dynamic 

1200 

60 

363 

700752*"*'*  Dynamic 

800 

60 

152 

700752 

Dynamic 

1100 

30 

318 

*  From  x-ray  line  broadening  analysis 
**  Johnson-Matthey 


*•**  Fisher 
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calcination  indicates  an  activation  energy  of  only  0.8  eV.  This  value 
is  much  smaller  than  the  activation  energies  for  cation  self-diffusion  or 
oxygen  self -diffusion  (2.76®  and  2.71^  eV.  respectively).  Lattice  self- 
dif fusion  thus  appears  not  to  he  the  process  controlling  particulate  growth. 

3.I.3  conversion  of  Starting  Materials 

Subsequent  experience  with  consolidation  of  the  particulates, 
described  in  Section  3*2,  revealed  a  marked  difference  between  the  micro- 
structures  produced  from  Mg(0H)2 -derived  magnesia  and  those  produced  from 
the  MgCOq  precursor.  To  determine  whether  the  differing  behaviors  arose 
from  minor  differences  in  purity,  and  thereby  clarify  the  conditions  necessary 
to  obtain  high  purity,  fully  dense,  fine  grained  structures,  it  was  decided 
to  convert  one  precursor  material  into  the  other  to  permit  distribution 
between  chemical  and  physical  effects. 

The  ultra-high  purity  Mg(0H)2  used  throughout  the  calcination 

studies  was  converted  to  MgCO^  while  taking  all  precautions  to  maintain 

chemical  purity.  This  was  accomplished  by  dissolving  Mg(0H)g  in  HNO3 

followed  by  precipitation  of  the  carbonate  through  addition  of  NHj^COg. 

The  KgCO-5 ,  after  rinsing  and  drying,  was  calcined  at  1100°C  for  1  hour. 

These  conditions,  as  in  other  runs  with  the  carbonate,  provided  magnesia 

o 

particulates  with  a  mean  grain  size  of  aboue  300  A.  This  powder  was  then 
consolidated,  as  discussed  below,  under  conditions  identical  to  those  used 
in  processing  a  number  of  those  samples  which  had  been  produced  directly 
from  the  hydroxide. 

3.lA  Doped  Materials 

To  examine  the  effects  of  impurity  content  upon  microstructure 
evolution,  a  set  of  materials  containing  controlled  additions  of  typical 
impurity  were  prepared.  The  traditional  ceramic  processing  techniques  of 
blending  and  calcining,  or  of  tumbling,  ball  milling  and  pressing  were 
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rejected  since  this  does  not  produce  a  dispersion  of  impurity  which  is 
uniform  on  an  atomic  scale.  Further,  these  procedures  do  not  usually  provide 
the  submicron  particle  size  necessary  for  consolidation  into  a  uniform, 
high  density  structure.  The  physical  requirements  for  the  doped  particulates 

are  similar  to  those  demanded  of  the  ultra-high  purity  materials . 

11-12 

Freeze-drying  and  coprecipitation  were  selected  as  principle 

processes  for  investigation.  An  apparatus  for  the  production  of  freeze- 
dried  precursors  was  constructed.  This  process  involves  spraying  of  an 
aqueous  solution  of  soluble  salts  of  the  component  cations  through  an  aerosol 
nozzle  under  the  influence  of  an  over-pressure  of  gas.  Argon  was  employed 
for  the  latter  purpose.  The  liquid  droplets,  homogeneous  on  an  atomic 
scale,  are  directed  into  a  chilled  bath  of  an  organic  liquid  with  which 
water  is  immiscible.  The  present  apparatus  employed  stirred  hexane,  in  a 
vacuum  flask,  maintained  at  -j6°c  by  dry  ice-acetone  coolant.  The  liquid 
droplets  freeze  rapidly.  The  solidification  process,  because  of  the  small 
size  of  the  drops,  occurs  rapidly.  This  prevents  exsolution  and  the  solid 
droplets  retain  the  atomic-scale  homogeneity  of  the  initial  liquid.  After 
decanting  the  hexane,  the  vacuum  flask,  bearing  the  still  frozen  droplets, 
was  connected  to  a  vacuum  system  equipped  with  a  large  liquid  N2  trap  for 
collection  of  the  remaining  hexane  plus  the  water  of  the  initial  solution. 
After  several  hours,  the  droplets  revert  to  particles  of  the  component  salts, 
and  are  ready  for  calcination.  Throughout  these  studies  CaO,  at  a  level 
of  0.5  mole  rj0,  was  employed  as  a  dopant.  Calcium  is  a  common  impurity  in 
technical  grade  MgO.  Also,  because  of  its  limited  solubility  in  MgO,  it 
is  expected  to  exsolve  or  segregate  et  grain  boundaries  and  thus  influence 
microstructure  evolution  and  boundary  properties . 
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The  chemistry  of  several  magnesium  salt  solutions  was  explored. 
Attempts  initially  were  directed  towards  production  of  a  carbonate  since , 
as  discussed  above,  this  precursor  yielded  a  desirable  product.  (All 
"magnesium1'  salts  had,  of  course,  been  combined  with  the  amount  of  calcium 
salt  necessary  to  produce  the  final  intended  composition  MgQ  .  995®.  005°  0 
The  reactions  considered  for  carbonate  formation  were 

Mg(0H)2  +  2NH03  - Mg(N03)2  +  2H20  (l) 

Mg(N03)2  +  (m^)2C03  +  3H20  >  MgC03-3H20(s)  +  2NH^N03  (2) 

Precipitation  occurs  when  the  addition  of  (NHii)2C03  brings  to  solution 
to  the  basic  side.  The  initial  freeze-drying  experiments  were  conducted 
with  sprayed  solutions  of  a  composition  close  to  precipitation  under  the 
hope  that  the  carbonate  complex  would  form  during  reduction  of  temperature 
to  freezing.  Experiments  with  the  nitrate  reactions  (l)  and  (2)  produced 
a  homogeneously  doped  freeze-dried  magnesium  nitrate.  This  product  proved 
unsat if lactory  for  the  intended  purpose  since  a  molten  phase  resulted  during 
subsequent  calcination.  The  final  magnesia  produced  was  large -grained  and 
judged  unsuitable  for  consolidation. 

A  number  of  additional  starting  salts  were  examined.  The 
chemistries  studied  are  summarized  in  Table  3*  Substitution ’Of  chloride 
salts  again  resulted  in  fusion  during  calcination  with  an  analogous  production 
of  large-grained  magnesia  as  a  final  product.  The  powder  was  again  judged 
unsuitable  for  consolidation  and  additional  experiments  were  not  conducted . 

Use  of  sulfates  provided  more  encouraging  results,  in  that  a  fluffy  ammonium 
magnesium  sulfate  powder  was  produced  through  freeze-drying.  Calcination 
of  this  product  was  examined  under  a  range  of  conditions.  Table  h .  The 
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TABLE  k 

PRODUCTS  PRODUCED  BY  CALCINATION  OF  Ca-POPED  FREEZE-DRIED 

UNDER  VARIOUS  CONDITIONS 


Calcination 

Temperature ,  C 

phase 

Major 

Analysis 

Minor 

1000 

MgS0^.6H20, 

MgSOj,  MgO 

1100 

MgSC^ • 6h20, 

MgSO^  MgO 

1300 

MgO 

CaSO^, 

5Mg0*MgS0^-8H20 
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sulfate  radical  appears  to  be  so  strongly  bonded  that  calcination  above 
1300°C  seems  to  be  necessary  to  complete  the  decomposition.  The  appearance 
of  a  discrete  CaSOl^.  phase  at  higher  temperatures  was  also  disturbing; 
the  higher  temperatures  apparently  permit  segregation  of  the  dopant,  and  thus 
destroy  the  initial  homogeneity.  Furthermore,  the  magnesia  produced  by 
calcination  at  1300°C  had  a  mean  particle  size  in  excess  of  1  micron.  This 
was  judged  unsuitable  for  subsequent  consolidation.  Sulfate  reactions  were, 
therefore,  dropped  from  further  consideration. 

Examination  of  the  literature  provides  no  example  of  acetates 

having  been  used  in  freeze-drying  processes.  Such  salts  were  considered  to 

be  of  interest  in  that  even  if  the  desired  MgCC>3  product  were  not  produced. 

magnesium  acetate,  MgCc^HoO^)?’  itself  decomposes  to  MgO  at  320°c.  The 

carbonate  complex  was  found  not  oo  form  during  freeze -drying.  The  calcium- 

doped  Ms(C3H302)2‘xH20  produced  did,  however,  calcine  nicely  to  provide  a 

80  to  90  8  MgO  particulate  after  calcination  for  only  15  minutes  at  600°c. 

The  acetate  precursor  seems  highly  satisfactory,  and  might  well  be  examined 

in  future  work  directed  towards  production  of  doped  MgO.  Since  the  carbonate 

was  not  formed,  future  work  obviously  need  net  employ  the  addition  of  (TJHi^CC^. 

While  this  approach  seems  promising,  parallel  experiments  directed  towards 

production  of  doped  MgC03  through  CO-precipitation  were  conducted  as  a 

result  of  the  frustrations  encountered  in  the  course  of  the  freeze-dry 

experiments.  Calcium-doped  MgCO^'xHgO  was  successfully  prepared  through 

reaction  of  the  nitrates  with  (iTHi^CC^.  The  product  was  calcined  at  1100°C 

o 

for  1  hour  to  yield  a  doped  magnesia  with  300  A  crystallite  size.  This 
product  was  eventually  produced  in  volumes  sufficient  for  consolidation 
through  hot  pressing.  The  microstructures  produced,  and  the  redistribution 
of  Ca  impurity  are  described  in  Section  3*2. 
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3.2  Consolidation  and  Microstructure  Evolution 
3.2.3.  Hot  Pressing  of  Brucite -Derived  MgO 
Vacuum  hot  pressing  techniques  were  employed  in  nearly  all 
consolidation  studies  of  the  variety  of  particulates  which  were  produced. 
High  strength  graphite  dies*  were  employed  which  allowed  pressing  up  to 
15,000  psi.  The  powders  were  loaded  into  a  1"  diameter  die  under  static- 
air  glove  box  conditions,  placed  into  the  assembly  and  lightly  cold  pressed. 
After  evacuation,  the  sample  was  heated  to  800°c  without  pressure  to  allow 
outgassing.  pressure  and  temperature  were  then  simultaneous ly  increased 
until  both  parameters  reached  the  desired  levels.  Typicnl  vacuums  at  peak 
temperature  were  of  the  order  of  10'**  mm  Hg. 

Consolidation  of  the  brucite -derived  powders  were  studied  under 
a  range  of  processing  conditions  which,  in  extensive  prior  experience  at 
Avco  had  succeeded  in  producing  MgO  microstructures  of  near  theoretical 
density,  log-normal  grain  size  distributions  and  mean  grain  sizes  of  the 
order  of  9  microns.  Pressing  temperatures  in  the  range  1150-lt50°C.  and 
applied  loads  up  to  15  kpsi  were  employed.  Typical  processing  cycles 
ranged  in  duration  from  30  to  120  minutes. 

Anomalies  were  immediately  encountered  in  the  densifi cation  of 
the  brucite -derived  material.  Initial  specimens  employed  a  lot  of  high 
purity  powder  produced  by  static  calcination  at  3T5°C  for  180  minutes. 

Three  microstructures,  which  are  representative  of  results  for  the  range 
of  temperatures  which  vere  employed  are  compared  in  Figure  7.  A  marked 
duplex  microstructure  is  apparent  in  Figure  7a.  At  increased  processing 
temperature,  Figure  7b,  the  concentration  of  smaller  grains  decreases;  at 
1U50°C,  the  highest  temperature  employed,  the  fine  grains  have  vanished. 

*  Poco  Graphite  Co. 
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The  main  variable  in  producing  these  distinctly  different  microstructures 
was  temperature.  It  is  noteworthy  that  the  decrease  in  the  concentrations 
of  fine  grains  was  not  accompanied  by  increase  matrix  grain-intercept  size 
(21  microns  in  Figure  Ja,  15  microns  in  Figure  7b).  Further,  these  grain 
sizes  were  much  larger  than  those  encountered  after  typical  hot  pressing 
cycles  using  less-pure  starting  materials.  A  typical  grain  size  after  a 
1250°C  -  2^0  minute  cycle  with  99 •  ^  pure  MgO  is  of  the  order  of  9  microns. 
The  much  larger  grain  sizes  of  Figure  7  are,  at  least  in  part,  a  consequence 
of  the  higher  purity. 

It  was  initially  felt  that  the  duplex  microstructures  could  be 
due  to  patches  of  incompletely  decomposed  Mg(0H)2>  or,  alternatively,  related 
to  the  state  of  agglomeration  of  the  magnesia  particles  within  the  parent 
brucite  plate.  The  calcination  procedures,  as  described  in  Section  3.1.2, 
were  therefore  modified  to  a  dynamic  process,  to  break  down  agglomerates 
and  were  extended  to  temperatures  much  higher  than  those  required  to 
decompose  brucite  in  an  attempt  to  further  reduce  concentrations  of  possible 
volatiles . 

An  extensive  series  of  hot  pressings  were  performed  with 
powders  produced  under  the  range  of  dynamic  calcining  conditions  summarized 
in  Table  2.  Representative  microstructures  are  compared  in  Figure  8. 

The  duplex  microstructures  again  invariably  resulted.  None  of  the  calcining 
conditions  produced  a  starting  powder  which  gave  the  desired  fine-grained 
normal  microstructures. 

It  is  noteworthy  that  the  chemical  integrity  of  the  high  purity 
particulates  wus  maintained  during  calcination  and  consolidation.  Table 
1  compares  spark  source  mass  spectrometric  analysis  of  the  initial  brucite 
powder  and  the  final  consolidation  magnesia  specimen.  It  appears  that  slight 
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amounts  of  Zn  and  Fe  are  picked  up  during  processing,  but  that  volatiles, 
notably  cl,  S  and  Na  are  driven  off  during  consolidation.  The  total 
impurity  concentration  is  actually  lover  in  the  fabricated  sample. 

3.2.2  Evolution  of  Duplex  Microstructure 

The  evolution  of  the  duplex  microstructure  in  the  brucite- 
derived  magnesia  was  studied  by  deliberately  terminating  several  densification 
cycles  at  intermediate  levels  of  density.  The  microstructures  were  studied 
by  a  combination  of  light  and  electron  microscopy  techniques.  Representative 
micrographs  are  shown  in  Figure  9.  The  sample  in  Figure  9a  was  69$  dense. 

The  pores  appear  to  be  located  primarily  at  triple-point  grain  intersections. 
The  grain  size,  in  general,  appears  to  be  about  0.3  micron.  However,  even 
at  this  stage  there  are  many  grains  (e.g.,  0.5  micron)  which  fall  outside 
of  the  expecv.ed  normal  distribution  of  grain  sizes. 

Figure  9b  illustrates  the  microstructure  at  92*5$  theoretical 
density.  The  density  is  non-uniform.  Lens-shaped  regions  (arrow  A)  up 
to  1  mm  in  size  have  smaller  grain  size  than  the  matrix.  Other  patches 
(arrow  b)  have  grain  sizes  about  equal  to  that  of  the  matrix,  but  a  higher 
porosity  which  has  morphology  similar  to  that  at  earlier  stages  of 
densification.  Figure  9c  exhibits  the  microstructure  at  99*5 1°  density.  The 
d  uplex  final  structure  characteristic  of  all  brucite -derived  material  has 
strongly  developed.  The  fine  grains  have  grown  to  1  micron,  while  the 
large  grains  are  of  the  order  of  30  microns.  Some  porosity  (arrow  C) 
remains  associated  with  the  fine  grained  patches. 

The  duplex  microstructure  which  appears  in  brucite -derived 
material  thus  evolved  during  the  initial  stages  of  consolidation,  at  densities 
less  than  at  most  69$  of  the  theoretical  value.  It  is  clear  that  regions 
of  different  density  develop  during  processing.  These  may  contribute  to 
a  non-uniform  microstructure,  but  are  nob  believed  to  be  the  main  cause 


of  this  effect. 
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3.2.3  Hot  Pressing  of  MgCOg -Derived  MgO 

Because  of  the  difficulties  encountered  in  achieving  a  normal 
grain  structure  in  Mg(0H)2-derived  MgO,  studies  were  conducted  on 
densificaticn  of  material  obtained  from  MgC03*  The  latter  compound  represented 
an  alternative  precursor  of  ultra-high  purity,  consolidation  experiments 
were  begun  with  powder*'  derived  from  reagent-grade  MgCO^-  Hot  pressing 
produced  fine-grained  microstructures  with  a  normal  grain  size  distribution. 

Since  grain  growth  in  these  microstructures  nay  have  been  stabilized  by  the 
higher  impurity  levels ,  subsequent  experiments  were  conducted  with  a  commercially 
obtained  MgO  derived  from  MgC03.*  Typical  analyses  of  this  material,  as 
determined  by  emission  spectroscopy1 ^  provide  approximately  hOO  ppm  impurity, 
primarily  Ca  (200),  Si  (150),  A1  (50)  and  Cu  (3).  The  total  impurity 
content  is  thus  similar  to  that  indicated  by  the  mass  spectrometric  analyses 
of  the  hot  pressed  brucite -derived  magnesia.  Consolidation  studies  were 
eventually  performed  with  powder  derived  from  ultra -high  (99-999p)  MgCOv*"*. 

All  microstructures  consolidated  from  carbonate -derived  material 
were  not  only  similar  to  one  another  but  differed  markedly  from  the  structures 
obtained  from  the  brucite  precursor.  Figure  10  compares  two  microstructures 
obtained  with  the  Honeywell  M-10  powder  under  different  processing  conditions . 
(The  sample  in  Figure  10a  displayed  a  0.5  micron  grain  intercept  and  thus 
required  electron  microscopy  of  an  etched  microstructure. 

The  attack  of  grain  boundaries  by  the  etchant  unfortunately  makes 
it  impossible  to  examine  residual  porosity.  It  is  of  interest  to  note  that 


*  Honeywell,  M-10. 
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the  grain  intercept  of  Figure  10a  is  smaller,  by  a  factor  of  more  than  30. 
than  the  raicr ©structure  of  Figure  7a»  even  though  both  microstructures  were 
consolidated  under  identical  processing  cycles.  In  order  to  eliminate  from 

-2 

consideration  the  influence  of  possible  absorbed  impurities  such  as  OH  or  CO3 

on  microstructure  development,  the  M-10  powder  was  subjected  to  a  recalcination 

inasmuch  as  it  had  been  stored  in  the  calcined  condition  for  over  a  year. 

Fifteen  grams  of  the  powder  were  dynamically  calcined  for  30  minutes  at 

1C00°C  in  vacuum.  The  product  was  extracted  from  the  hot  furnace,  loaded 

into  a  die  and  rapidly  placed  into  the  vacuum  hot  pressing  chamber  to 

minimize  the  possibility  of  resorption  of  impurities.  Normal  grain  distributions 

and  grain  sizes  were  obtained  upon  consolidation  of  the  two  powders  under 

similar  conditions.  The  variety  of  microstructures obtained  ir  thus  not 

dominated  by  adsorption  of  impurity  by  the  calcined  product.  Such  adsorption 

Ik 

may  influence  properties  .  but  in  the  present  study  it  does  not  appear  to 
exert  pronounced  effects  on  microstructure  development. 

3.2. k  Effect  of  Precursor  on  Microstructure 

The  preceding  experiments  have  shown  that  neither  adsorbed 
impurities,  grossly  different  particle  sizes  nor  differences  in  purity  can 
account  for  the  difference  in  final  microstructure  between  samples 
consolidated  from  particles  derived  from  MgCC>3  and  Mg(0H)2*  The  differences 
vere  instead  felt  to  be  due  to  physical  rather  than  chemical  differences 
between  the  particles  derived  from  the  two  precursors.  As  final  demonstration 
of  tld  s  explanation,  and  to  eliminate  the  effect  of  subtle  differences  in 
the  two  precursors,  it  was  decided  to  convert  one  precursor  into  the  other, 
as  described  in  Section  3*1»3«  The  microstructure  produced  from  the 
converted  carbonate,  is  compared  with  a  microstructure  produced  directly 
from  the  hydroxide  under  similar  processing  conditions  in  Figure  11.  The 
material  produced  from  the  hydroxide  again  displays  the  duplex  microstructure 
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while  that  produced  from  the  carbonate,  as  was  the  case  with  starting 
materials  of  a  range  of  purity  for  this  precursor,  is  completely  normal. 

It  is  of  interest  to  note  that  the  fine  grained  patch  of  Figure  11a  has 
approximately  the  same  grain  size  as  the  normal  microstructure  of  the  carbonate- 
derived  material. 

The  difference  between  the  hydroxide-and  carbonate-derived  micro¬ 
structures  is  attributed  to  the  physical  state  of  the  initial  particulates 
produced  by  the  two  precursors.  The  high  degree  of  mutual  orientation 
of  particles  produced  from  brucite,  combined  with  the  high  purity  of  the 
material  is  believed  to  form  a  highly-mobile  boundary  which  can  rapidly  sweep 
through  an  entire  agglomerate  and  thereby  form  a  nucleus  for  secondary  grain 
growth.  This  interpretation  is  discussed  more  fully  in  Appendix  A. 

3-2.5  Consolidation  of  Doped  Material 

As  discussed  in  Section  3*1-^-  MgC03  uniformly  doped  with  0., 

mole  %  CaC03  was  successfully  prepared  by  a  coprecipitation  technique. 

(A  freeze-drying  procedure  based  upon  acetates  eventually  seemed  promising 

and  might  be  a  fruitful  area  for  further  investigation.)  The  doped  carbonate 

was  calcined  for  1100°c  for  1  hour  to  provide  an  average  particle  size  of 
o 

300  A.  These  powders  were  consolidated  under  the  same  conditions  as  previously 
employed  for  the  high  purity  undoped  materials. 

A  typical  microstructure  for  a  Ca-doped  sample  is  compared  with 
that  for  a  high  purity  cacOj  in  Figure  12.  The  sample  containing  CaO  has 
smaller  grain  size  than  the  undoped  sample  (Figure  12b)  and  also  the 
moderate -purity  samples  consolidated  from  the  Honeywell  M-10  material.  All 
microstructures  are  otherwise  similar.  This  suggests  that  the  Ca  acted 
as  impurity  drag  on  grain  boundaries  during  the  final  stages  of  consolidation. 

TJo  evidence  for  a  second  phase  could  be  obtained  in  the  ca-doped 
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microstructures  vith  light  microscopy.  The  specimens  were  therefore 
fractured,  and  examined  vith  replica  electron  microscopy.  Figure  13a 
indicates  that  tho  microstructure  is  uniform,  and  that  the  grains  are  equiaxed. 
This  is  taken  as  evidence  that  the  dopant  was  indeed  uniformly  dispersed 
as  intended.  Some  indication  of  the  presence  of  a  second  phase  is  provided 
by  Figure  13a  and  a  micrograph  of  one  of  these  areas  is  presented  at  higher 
magnification  in  Figure  13b.  Discreet  islands  of  second  phase  (arrow  A) 
appear  on  what  is  apparently  a  grain  face.  This  would  suggest  that  the 
second  phase  is  non-wetting.  However,  grain  boundaries  which  are  approximately 
normal  to  this  grain  face  (arrow  b)  appear  to  show  a  wide,  continuous  grain 
boundary  phase.  A  dihedral  angle  of  65°  was  estimated  from  a  triple -point 
intersection  (arrow  C).  This  is  indicative  of  a  partially-penetrating  second 
phase,  which  is  consistent  with  the  observation  of  second-phase  islands  on 
grain  faces. 

Undoped  MgO  specimens  were  examined  by  identical  techniques. 

These  provided  no  evidence  of  a  second  phase,  and  it  is  clear  that  the  second 
phase  arises  from  'the  Ca  dopant.  Calcium  oxide  has  limited  solid  solubility 
in  MgO,  and  limits  of  3-5$,  1.1#  and  0.9#  have  been  established  at  2015, 

1820  and  l620°c,  respectively.15  Extrapolation  to  1250°c,  the  processing 
temperature  of  the  microstructures  of  Figures  12  and  13  provides  a 
solubility  limit  of  approximately  0.6#  CaO.  The  concentration  of  dopant 
should  thus  be  within  the  range  of  solid  solubility.  Similarly,  on  the 
basis  of  the  diffusion  coefficient  for  Ca2+  in  MgO®,  distribution  of  a  thin 
film  of  CaO  on  the  surface  of  a  3  micron  sphere  should  be  95#  complete 
under  the  processing  conditions.  Since  the  initial  particle  size  was  0.03 
micron  and  the  final  grain  size  is  Ik 5  micron,  it  is  clear  that  diffusion  is 
not  rate  limiting  and  the  cause  of  the  grain  boundary  phase.  Only  a  few 
speculative  explanations  seem  possible:  1.  A  non-uniform  distribution 
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of  Ca  in  the  initial  particles  causing  local  precipitation  of  CaO.  The 
reason  which  these  precipitates  should  not  be  resorbed  during  processing  is 
not  clear.  2.  Reaction  of  CaO  with  another  impurity,  say  Si02  to  give  a 
different  precipitate  than  CaO  or,  3*  A  high  segregnation  coefficient 
resulting  in  precipitation  of  the  <  iant  at  the  boundary  even  though  it  is 
within  the  solubility  limit.  The  last  explanation  seems  likely  inasmuch 
as  Leipold^  has  demonstrated  boundary  segregation  -  and  for  Ca^+  and  Si^+, 
in  particular  -  in  MgO  for  impurities  in  bulk  concentrations  as  low  as  30 
ppm. 

3.2.6  Scale-up  of  Pressing  Procedures 

The  1"  diameter  pressings  used  for  the  studies  of  consolidation 
and  microstructure  evolution  provided  sufficient  material  for  examination 
of  further  properties  such  as  grain  growth.  The  study  of  mechanical  properties 
to  be  conducted  with  the  high  purity  material,  however,  required  a  large 
number  (ca  50)  of  0.075  x  0.125  x  1.25  inch  test  bars  which  had  to  have 
identical  microstructures  if  sample -to-sample  comparison  of  results  were  to 
be  possible.  For  this  reason  it  was  decided  to  scale  up  the  pressing 
conditions  to  produce  a  four-inch  diameter  billet  from  which  the  entire  set 
of  identical  test  bars  might  be  produced.  The  automatic  rotary  calciner 
was  used  to  produce  a  large  volume  of  powder.  The  high  purity  carbonate 
precursor  was  used  exclusively  for  this  purpose. 

Difficulties  were  encountered  in  the  scale-up  procedure.  Micro¬ 
structures  were  encountered  which  were  not  comparable  to  those  obtained 
in  one-inch  diameter  pressings  primarily  because  of  a  lower  pressure  limit 
(5  versus  15  kpsi)  dictated  by  the  ugg  of  a  lower-strength  large -diameter 
graphite  die.  The  resulting  microstructuers  displayed  patches  of  large 
grain:;  which  grew  rapidly  because  of  the  high  purity  of  the  specimens. 
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Figure  lUa  presents  a  microstructure  with  99 • 9$  theoretical  density  which 
displayed  this  effect  to  a  serious  degree. 

A  considerable  effort  was  directed  toward  re-establishing 
optimum  pressing  conditions  for  the  scaled -up  billets.  In  order  to  conserve 
the  ultra-high  purity  carbonate,,  as  well  as  to  avoid  the  preferable,  but  time 
consuming  rotary  calcination,  test  runs  were  conducted  with  statically- 
calcined  carbonate,  and  also  with  a  lower  purity  Fisher  Mg^C^).  Alternative 
processing  techniques  such  as  cold  pressing  and  press  forging  were  also 
briefly  examined. 

One  alternative  would  have  been  to  procure  a  high-strength,  large 
diameter  graphite  die  which  would  have  permitted  replication  of  the  conditions 
of  15  kpsi  and  1250°c  at  which  fabrication  of  the  one-inch  diameter  pressings 
had  been  optimized.  We  instead  modified  the  time -temperature  cycle  at  5  kpsi 
to  crease  a  slightly  lower  density.  The  small  amount  of  retained  porosity 
served  to  retard  grain  growth,  and  lead  to  an  acceptable  grain  size  distribution 
with  a  density  of  99-6$  theoretical.  A  typical  microstructure  in  a  four-inch 
diameter  billet  prepared  under  this  approach  is  presented  in  Figure  15. 

Samples  with  this  microstructure  were  subsequently  machined  into  test  bars 
for  measurements  of  delayed  fracture  . 

3.2.7  Isothermal  Grain  Growth 

For  normal  grain  growth  in  a  pure,  fully  dense  system,  a  theory 
due  to  Turnbull1^  predicts 

D2  -  D2q  =  (K/  V)  t 

where  D  is  average  grain  diameter,  DQ  is  initial  grain  diameter,  K  is  a 
rate  constant,  if  is  interfacial  energy,  V  is  molar  volume,  and  t  is  time. 

It.  non-ideal  systems  either  the  migration  rate  of  pores^TjlQ,  tire  diffusion 
of  Impurities"^  ("impurity  drag")  or  precipitation  of  a  second  phase2® 
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may  control  grain  growth  kinetics.  Brook21  has  considered  the  mlcrostructural 
conditions  for  which  each  effect  might  be  expected  to  be  dominant.  His 
results  show  that  control  by  boundary  mobility  is  to  be  expected  when  pores 
are  small.  Separation  of  boundaries  from  pores  (pore  entrapment)  is  to  be 
expected  when  the  pore  velocity  becomes  less  than  the  boundary  velocity  and 
will  occur  at  large  grain  sizes  and  when  the  pores  are  large  and  widely 
dispersed.  Porosity-controlled  grain  growth  occurs  at  small  grain  sizes 
and  when  the  pores  are  large  and  close  together.  The  effect  of  impurity 
is  to  decrease  the  mobility  of  pores  relative  to  that  of  the  boundary  and 
thus,  for  a  given  grain  size,  increase  the  boundary  controlled  region  of 
behavior  at  the  expense  of  the  pore -entrapment  region. 

Several  studies  of  grain  growth  in  magnesia  have  been  reported, 
but  the  influence  of  porosity  and  impurity  on  the  process  is  not  clear. 
Measurements  by  Daniels  et  al^  were  among  the  first  to  be  conducted  on  a 
ceramic  oxide.  The  data  indicated  normal  grain  growth,  but  the  measurements 
were  complicated  by  the  presence  of  considerable  porosity  and  attendant 
densification  during  grain  growth.  Spriggs  et  al5  performed  the  first 
measurements  with  a  fully  dense  material,  but  not  of  especially  high  purity. 
The  kinetics  of  normal  grain  growth  were  again  observed  but,  in  the  absence 
of  porosity,  growth  rates  were  t  to  6  times  more  rapid.  Additions  of  ld0 
Fe  or  Ti  impurity  to  magnesiab  reduced  growth  rates  to  levels  much  smaller 
than  those  observed  in  either  the  porous^*  or  fully  dense  microstructures ,  ^ 
and  caused  a  change  in  the  time  dependence  of  grain  diameter  to  l/U  and 
l/3  in  the  case  of  Fe  and  Ti  additions,  respectively. 

Grain  growth  measurements  in  the  present  study  were  conducted 
with  microstructures  produced  from  Mg(0H)2-derived  powders  which  had  been 
consolidated  under  processing  conditoxs  (Section  3.2.1)  which  produced  a 
normal  grain  size  distribution.  The  initial  grain  intercept  Tor  materials 


hot  pressed  under  these  conditions  was  large  (3^.2  micron)  which  thus 
limited  experiments  to  relatively  high  temperatures  (above  1500°c)  where 
measurable  grain  growth  could  be  achieved  in  reasonable  tines. 

Specimens  were  cut  from  a  single  pressing,  polished  and  etched. 

A  particular  location  in  the  sample  was  mapped,  and  grain  intercepts  were 
measured.  The  specimens  were  then  placed  in  a  closed  high  purity  Al^O^ 
crucible,  and  in  contact  with  a  setter  plate  of  the  same  high  purity  magnesia 
used  in  the  study.  Samples  were  inserted  into  a  furnace  in  an  air  atmosphere 
and  withdrawn  after  a  prescribed  time.  After  grinding  to  remove  any  surface 
effects,  the  samples  were  repolished  and  etched.  Final  grain  sizes,  reported 
as  average  grain  intercepts,  were  measured  in  the  same  location  in  which  the 
initial  grain  diameter  had  been  measured. 

The  microstructures  were  carefully  examined  after  annealing  to 
determine  the  location  and  size  of  pores.  Figure  16  illustrates  the  micro¬ 
structures  which  resulted  from  1000  minute  annealings  at  1300,  1523  and  l6l0°c. 
These  are  to  be  compared  with  the  starting  microstructure  typified  by  Figure  ”c. 
It  is  clear  that  the  pore  level  increases  with  increasing  annealing  tempera¬ 
ture.  The  pores  are,  in  general,  located  at  grain  boundaries.  However,  a 
number  of  pores  have  separated  from  the  boundaries  and  are  located  within 
grains , 

Midway  through  the  first  year  of  this  program  an  extensive 
study  of  grain  growth  kinetics  in  MgO  was  reported  by  Gordon  et  al.22  This 
study  had  objectives  similar  to  those  planned  for  the  present  work,  and 
included  study  of  both  pure  and  FegO^-dopea  MgO.  The  results  of  this 
work  may  be  summarized  as  follows:  (a)  Very  small  amounts  of  porosity 
(0.1  to  0.8$)  have  a  profound  effect  on  grain  growth  in  the  temperature 
range  1 300-1500°0 .  and  pore  control  governed  microstructure  development  in 
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all  undoped  samples,  (b)  FegCb  dopant  stabilized  squared  kinetics  at, 

1300°C,  and  decreased  the  growth  rates  at  all  temperatures. 

The  grain  growth  rates  at  all  temperatures  are  compared  with  those 
of  Gordon  et  al22  and  earlier  work  of  Spriggs  et  al^  in  Figure  IT.  The 
present  results  exhibit  a  marked  decay  in  growth  rate  with  increasing  tine. 
(Plotting  the  data  for  other  time-exponents  n,  in  the  relation  Dr*  -  =  kt 

for  values  of  n  up  to  4  could  not  fit  all  of  the  results,  although  the  fit 
was  moderately  good  at  n  =■  k).  The  results  sre  quite  similar  to  those 
obtained  by  Gordon  et  al.  The  decay  in  growth  kinetics  occurred  at 
different  grain  sizes  at  the  different  temperatures .  The  change  in  growth 
kinetics  are  likely  to  change  from  square  to  cube  dependence  as  the  control] ing 
process  changes  from  boundary  to  pore  control.21  Further  decay  beyond  n  =  3 
will  occur  when  pore  entrapment  occurs.  and  the  microstructures  of  Figure  16 
indeed  provide  evidence  for  such  entrapment.  Pore  separation  apparently 
leads  to  abnormal  grain  growth  as  witnessed  by  the  disproportionate  number 
of  grains  in  Figure  l6  which  have  greater  or  fewer  sides  than  the  ideal 
number  (6).  This  may  occur  because  the  pores  become  disassociated  from 
individual  boundaries  non-uniformly  -  breaking  away  first  from  one  boundary 
and  then  another.  As  pores  break  away  from  a  boundary,  that  boundary 
becomes  free  to  migrate  at  a  faster  rate  than  boundaries  that  are  still 
bound  to  pores.  This  could  lead  to  the  development  of  7  or  more  sides  on 
a  grain  and  the  onset  of  abnormal  grain  growth. 

The  development  of  0.1  to  Q.%  porosity  is  quite  common  in  hot 
pressed  material  upon  annealing,  and  is  thought  to  arise  from  either 
expansion  of  micropores  contained  under  the  load  during  hot  pressing  or 
coalescence  of  gas  molecules  adsorbed  at  grain  boundaries.  The  present 
work  as  well  as  that  of  Gordon  et  al,  shows  that  porosity  of  this  level  is 
sufficient  to  control  grain  growth  kinetics.  It  is  of  interest  to  note 
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that  the  initial  growth  rate  observed  in  the  present  study  is  somewhat 
higher  than  that  observed  in  previous  work.'  This  may  represent  a  decrease 
of  impurity  drag  in  an  initial  boundary-controlled  regime  for  this  higher- 
purity  material.  Since  the  data  obtained  in  this  study  appeared  to  confirm 
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the  recent  findings  of  Gordon  et  al  study  of  grain  growth  kinetics  received 
less  emphasis  in  this  program  than  originally  intended. 

3.3  relayed  Fracture  in  High  Purity  MgO 

3.3*1  Introduction 

Magnesium  oxide  is  one  of  the  few  materials  investigated  to  date 
in  which  it  has  been  shown  that  grain  boundary  impurities  play  a  role  in 
stress  corrosion. ^  Stress  corrosion  cracking  is  a  well  known  phenomena 
that  may  be  controlled  by  either  mechanical  or  chemical  processes  occurring 
at  the  interface  between  a  solid  and  an  environment.  In  most  cases  the 
surface  interaction  degrades  the  usable  strength  and.  consequently,  under¬ 
standing  of  such  reactions  is  important  for  structural  materials. 

There  are  two  major  classes  of  models  governing  the  advancement 
of  .the  stress  corrosion  crack:  (l)  Those  which  postulate  crack  advancement 
by  stress -enhanced  chemical  dissolution  at  the  crack  tip,  and  (2)  Those 
which  involve  only  mechanical  effects  such  as  mobile  dislocations  or  the 
reduction  of  the  surface  energy  term  in  the  Griffith  relationship.  Previous 
studies  which  have  been  conducted  with  MgO,  and  the  evidence  for  chemical 
as  opposed  to  mechanical  mechanisms  are  summarized  in  detail  in  Appendix  B. 

3.3*2  Results 

Dead-load  delayed  fracture  tests  were  performed  in  three  different 
environments  in  an  attempt  to  distinguish  between  mechanisms  involving 
stress -enhanced  chemical  dissolution  at  crack  tips  and  processes  involving 
enhanced  dislocation  mobility.  Water  was  selected  as  one  envi ronment .  The 
other  Involved  two  complexes  of  high  charge:  DMF  (l'.M.  dimethyl  formomide 


(CK^)2  NCHO)  and  a  mixture  of  DMSO-BMF  ((CH^SO  -  10  vol.  $  (CH3)2NCHO). 
Dislocation  velocities  in  MgO  have  been  shown  to  be  a  minimum  in  the  DMSO- 
DMF  system  for  the  latter  composition.  The  time -to-fai lure  was  measured  at 
room  temperature  as  a  function  of  relative  stress,  where 

the  dry  strength,  was  found  to  be  21.6  +  1.5  kpsi,  and  compared  with 
corresponding  data  which  had  been  obtained  for  three  very  different  grades 
of  magnesia:  Ambient  hot  pressed  99- 6$  MgO,  vacuum  hot  pressed  99 -6  MgO 
+  1.6$  LiF  and  sintered  MgO  of  high  purity. 

The  results  show  that  the  ultra-pure  MgO  produced  in  the  present 
study  displays  notably  increased  resistance  to  delayed  failure  compared  to 
other  grades  of  material  of  lesser  purity.  The  time -to -failure  at  any 
stress  level  is  increased  as  the  purity  of  the  material  increases.  Unlike 
the  less-pure  materials,  the  time-to-failure  of  ultrapure  MgO  is  identical 
in  both  HgO  and  DMF,  even  though  dislocation  mobilities  are  seven  times 
higher  in  the  latter  medium. 

A  detailed  discussion  of  experimental  procedures  and  results  is 
attached  as  Appendix  B. 

IV.  CONCLUSIONS 

1.  Brucite  decomposes  by  the  coherent  nucleation  of  MgO  leaving 
crystallographically  oriented  MgO  crystallites  within  an  agglomerate  which 
is  a  relic  of  the  parent  Mg(0H)2  crystal,  preferred  growth  directions 
resulted  in  a  rod-structure  when  calcination  was  conducted  at  375°C.  and 
cubic  particles  when  calcined  at  900°C  and  above. 

2.  Magnesium  oxide  derived  from  MgCO,  also  possesses  cubic 
particles,  but  they  are  unoriented  with  respect  to  one  another  within 
agglomerates . 

3<  Marked  duplex  microstructures  developed  In  hot  pressed  MgO 
which  is  derived  from  brucite.  This  microstructure  persists  in  both 


statically  or  dynamically  calcined  material,  and  evolves  early  (at  less 
than  70$  density)  in  the  densification  cycle. 

U.  Vacuum  hot  pressed  bodies  derived  from  MgCO^  have  normal  grain 
size  distributions  and  average  grain  sizes  which  are  30  times  smaller 
than  those  obtained  with  microstructures  derived  from  a  hydroxide.  The 
difference  in  microstructures  does  not  lie  in  subtle  differences  in  purity 
as  demonstrated  by  the  development  of  equivalent  results  upon  the  conversion 
of  one  precursor  to  another. 

5.  The  marked  differences  in  microstructure  which  may  be  obtained 
from  different  precursors  of  similar  high  purity  is  attributed  to  the 
physical  state  of  the  agglomerated  particles  in  the  hydroxide -derived 
powders.  In  the  absence  of  significant  impurity,  the  high  degree  of 
mutual  orientation  is  believed  to  create  a  highly-mobile  boundary  which  can 
rapidly  sweep  through  an  agglomerate  and  provide  a  nucleus  for  secondary 
grain  growth. 
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6.  Adsorbed  volatiles  such  as  OH"  or  C0^  were  found  to  have 
little  influence  on  microstructure  development  in  a  99>96$  pure  MgO 
derived  from  MgCC>3. 

7.  Freeze-dried  MgCOj  cannot  be  easily  obtained,  but  use  of 
acetates  appears  promising.  Calcia-doped  MgCO^  was  readily  prepared 
through  coprecipitation. 

8.  Calcia-doped  MgO  (MgO. 9g5Ca0>005 )  was  consolidated  to  dense, 
equiaxed  microstructures.  Grain  sizes  were  smaller  than  those  obtained 
from  high-purity  material  under  similar  conditions.  Evidence  was  found 
for  a  partially-penetrating  second  phase  at  grain  boundaries.  The  amount 
of  second  phase  seems  excessive  based  upon  known  solubility  limits  for 
CaO  in  MgO,  and  on  the  diffusion  rates  operative  during  processing. 


9*  Grain  growth  rates  at  152o°C  and  l6lO°C  decrease  rapidly  with 
time  due  to  a  transition  from  boundary  control  to  pore  control  to  abnormal 
grain  growth. 

10.  High  purity  microstructures  produced  from  carbonate -derived 
powders  displayed  higher  resistance  to  stress-corrosion  cracking  and  a  higher 
static  fatigue  limit  than  any  other  grade  of  less  pure  material  which 
was  examined. 
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A  RELATION  BETWEEN  PRECURSOR  AMD  MICROSTRUCTURE  IN  MgO 
W.H.  Rhodes  and  B.J.  Wuensch 

The  final  consolidated  raicrostructure  of  a  ceramic  body  is  dependent 
not  only  upon  its  thermal  history,  but  also  upon  the  initial  state  of 
particle  agglomeration  and  the  influence  of  impurity  drag  on  grain  growth. 

In  the  course  of  an  effort  to  develop  a  fine-grained,  high-purity  MgO 
through  pressure  sintering,  it  was  discovered  that  the  precursor  from  which 
a  powder  is  derived  may  also  have  a  profound  effect  on  microstructure 
evolution  during  consolidation. 

The  decomposition  of  brucite,  Mg(OH)o,  which  war;  nominally  99*999 5$ 
pure*,  was  followed  with  transmission  electron  microscopy.  Under  the 
influence  of  heating  by  the  electron  beam,  the  intensity  of  the  hk.O 
brucite  diffraction  pattern  gradually  diminished  with  time.  The  ( 220 ) 
reflection  of  MgO  appeared  along  the  11.0  reciprocal,  lattice  vector  of 
brucite  initially  at  a  position  corresponding  to  a  larger-than-normal 
lattice  constant,  but  gradually  rhifted  to  its  expected  position.  The 
cubic  MgO  crystallites  thus  develop  with  ^lio”^  and  parallel  to  the 

prism  and  basal  planes,  respectively,  of  the  parent  hexagonal  Mg(0H)p  plate. 
This  is  in  accord  with  the  observations  of  Gordon  and  Kingery^  who  describe 
the  process  as  a  nucleation  and  growth  mechanism  in  which  MgO  nuclei  form 
coherently  with  the  brucite  matrix..  Large  strains  are  introduced  which 

p 

result  in  eventual  fracture  of  the  brucite  plate.  Guilliatt  and  Brett' 
found  the  MgO  crystallites  tc  be  better  described  as  octa'nedra  whose  size 
was,  related  to  the  initial  thickness  of  the  Mg(0!i)o  plate. 

Powders  in  volume  sufficient  for  consolidation  were  produced  in  the 

*.Toh n~cn -Mathey  Co.  spark-source  mass  spectrometry  showed  a  higher  Impurity 
level:  -:!5r'  ppm  total,  consisting  mainly  of  i/jO  ppm  fi,  100  ppm  Ca,  40  ppm 
La,  00  ppm  Or.,  ppm  Fe,  and  10  ppm  G . 


present  work  through  calcination  of  brucite  in  1  torr  vacuum.  Initial 
calcinations  were  conducted  at  low  temperatures  (350°  to  800°C)  with  the 
precursor  loosely  packed  to  a  depth  of  2  mm.  Cubic  MgO  crystallites  of 
sizes  ranging  from  100  to  360  X  were  produced  which  were  highly  oriented 
within  a  relic  of  the  parent  brucite  plate.  Prolonged  heat  treatment 
(ca.  3  hrs.)  produced  an  oriented  rod-like  MgO  product.  Rotary  calcination 
was  employed  in  subsequent  production  in  an  attempt  to  break  down  the  relics. 
Further,  to  eliminate  the  possible  effect  of  small  amounts  of  retained 
hydroxyl  on  microstructure  development  (discussed  below)  calcination  temper¬ 
atures  were  employed  (800°  to  1200°C)  which  were  far  in  excess  of  those 
necessary  to  decompose  brucite.  This  procedure  destroyed  the  plate-like 
relics,  and  any  indication  of  a  preferred  growth  direction  in  the  magnesia 
crystallites.  The  product,  Figure  la,  consisted  of  smaller  agglomerates 
of  particles  with  cube -like  morphology,  but  which  retained  a  high  degree 
of  mutual  orientation. 

The  particles  produced  through  rotary  vacuum  decomposition  of  high- 
purity  brucite  were  consolidated  to  between  99. kj)  and  10 0$  theoretical 
density  through  vacuum  hot  pressing  at  temperatures  between  1150°  and  1250°C 
and  time:-;  between  30  and  l6o  minutes  under  an  applied  pressure  of  15  kpsi. 
Invariably,  a  marked  duplex  grain  structure  resulted,  as  illustrated  in 
Figure  lb.  This  structure  was  found  to  evolve  early  in  the  course  of 
consolidation,  at  as  little  as  70$  theoretical  density. 

Pressure  sintering  experiments  which  employed  MgO  derived  from  reagent- 
grade  MgCO-3  were  also  conducted.  It  was  noted  that  a  normal  grain  size 
distribution  was  obtained  in  the  final  microstructure.  Moreover,  the  average 
gra i r;  size  vs..:  up  to  a  factor  of  <0  smaller  than  the  large  grains  of  Figure 
lb  after  equivalent  thermal  cycles.  It  was  initially  felt  that  impurities  in 
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this  less  pure  powder  might  have  stabilized  grain  growth .  However, 
identical  microstructures  were  obtained  when  99*999$  MgOOv**  was  calcined 
and  pressure  sintered.  Finally,  to  completely  eliminate  differing  impurity 
contents  as  the  source  of  the  exaggerated  grain  growth  in  the  brucite- 
derived  magnesia,  the  brucite  was  carefully  converted  in  MgCCb  by  dissoluble 
in  HNO?,  and  precipitation  of  the  carbonate  through  addition  of  NHi.CO-., . 

This  high  purity  carbonate  was  statically  calcined  at  1100°C  for  1  hour, 
and  pressure  sintered  at  the  same  temperature  as  the  Mg(0K)o-derived  micro¬ 
structure.  The  resulting  microstructure,  depicted  in  Figure  Id,  had  a 
normal  grain  size  distribution.  The  3.4  pm  grain  intercept  (compared  with 
16  >im  for  Figure  lb)  is  noteworthy.  Three  grades  of  MgCO.,,  ranging  from 
moderate  to  very  high  purity,  thus  gave  identical  normal  grain  size  distribu 
tions  in  the  final  microstructure.  This  strongly  suggested  that  the  differ¬ 
ent  behavior  of  the  brucite-derived  material  arose  from  the  physical,  rather 
than  the  chemical  nature  of  the  initial  MgO  particulates. 

MgCO-^  undergoes  a  60$  reduction  in  molal  volume  upon  conversion  to 
MgO,  as  opposed  to  55$  for  Mg(0H)2.  Although  the  de  composition  mechanism 
and  kinetics  have  not  been  thoroughly  investigated  for  the  carbonate,  the 
larger  molal  reduction  may  result  in  more  displacement  between  crystallites. 
The  cube-shaped  particles,  while  agglomerated  (Figure  1c),  were  indeed 
found  to  be  more  randomly  oriented  to  one  another,  which  suggests  that 
coherent  nucleation  of  the  MgO  is.  unlikely. 

A  plausible  explanation  for  these  microstructure-preeursor  relation¬ 
ships  lies  in  the  high  degree  of  crystallographic  orientation  within 
agglomerates,  of  the  MgO  crystallites  produced  from  Mg(0H)o.  The  primary 
surfaces  In  the  latter  material  are  ^  100^  and  each  crystallite  is.  aligned 
parallel  to  a  neighbor  in  identical  orientation.  As  sintering  and  grain 
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growth  commence  during  the  denaification  cycle,  these  oriented  faces  are 
believed  to  become  coherent  grain  boundaries  which  migrate  at  a  much  faster 
rate  than  interfaces  between  randomly  oriented  crystallites  which  broke 
away  from  their  parent  agglomerate  during  some  stage  of  processing.  (Rapid 
migration  of  boundaries  in  high-purity  materials  is  well  known  in  the 
metallurgical  literature,  and  growth  rates  of  the  order  of  mm/min.  have 

•j  j. 

been  reported3'  Such  rates  are  especially  high  for  coincidence  boundaries. 
Once  the  coherent  boundaries  have-  swept  through  them,  the  agglomerates  become 
nuclei  for  exaggerated  grain  growth  near  the  end  of  the  intermediate  stage 
of  sintering  and,  having  formed,  dominate  development  of  the  final  micro¬ 
structure.  Although  agglomerates  exist  within  the  MgCO-, -derived  powder,  the 
random  orientation  of  crystallites  would  suppress  rapid  intra -agglomerate 
grain  growth.  The  high  purity  of  the  Mg( OH ^-derived  magnesia  may  also  be 
a  requisite  for  the  development  of  large  grains  since  impurity  drag  could 
limit  the  enhanced  mobility  of  the  boundaries.  It  is  of  interest  to  note 
that  the  fine  grained  patch  in  Figure  lb  has  about  the  same  grain  size  as 
the  microstructure  of  Figure  Id,  which  lends  support  to  the  proposed  model. 
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Figure  1 


Figure  Caption 


Precursor  Product-Microstructure  Relationships 

(a)  MgO  derived  from  Mg(0H)2  by  rotary  vacuum  calcination, 
1200°C,  1  hr.  Note  high  degree  of  mutual  orientation 
of  crystallites  within  agglomerates. 

(b)  Microstructure  produced  from  powder  shown  in  (a^ 
through  vacuum  hot  pressing  for  30  min.  at  1250  C 
under  15  kpsi,  15  jm  grain  intercept,  99*9 ‘fo  theoretical 
density. 

(c)  MgO  derived  from  MgCOp  converted  from  the  Mg(0H)p 
employed  in  (a).  Static  vacuum  calcination,  1106°C, 

1  hr. 

(d)  Microstructure  produced  from  powder  shown  in  (c) 
through  vacuum  hot  pressing  for  90  min.  at  12506C 
under  15  kpsi,  3  •  ■+  >im  grain  intercept,  99 
theoretical  density. 
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APPENDIX  B 


STRESS  CORROSION  ORACLING  IN  POLYCRYSTALLINE  MgO 


(To  appear  in  proceedings  of  the  Symposium,  "Fracture  Mechanics  o 
Ceramics,"  University  Park.  Pa.,  July  11-13,  1973) 
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STRESS -CORROSION  CRACKING  IN  POLYCRYOTALIIN  K  MgO 

by 

W.H.  Rhodes  and  T.  Vasil on 
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Lowell,  Massachusetts  01851 

ABSTRACT 

Stress -corrosion  cracking  (SCC)  was  studied  in  four  grades  of  99 +'i 
dense  MgO  with  the  major  variables  grain  size  and  purity.  Testing  consisted 
of  i+-point  bond  and  static  fatigue  tests  in  HpO,  DMF,  and  DMSO-DMF  solutions . 
In  a  HpO  environment  the  highest  purity  material  gave  the  slowest  corrosion 
rates.  SCC  in  lowr  purity  grades  was  judged  to  be  controlled  by  a  chemical 
interaction  of  OH"  with  a  (CaNaSiAl)Ox  grain  boundary  phase.  The  highest 
purity  grade  tested  (99.93'H  MgO)  may  not  have  a  discrete  grain  boundary 
phase,  so  the  low  corrosion  rate  and  high  static  fatigue  limit  of  ~  0.8'i  CT" p 
may  be  characteristic  of  an  intrinsic  process..  The  possibility  exists  that 
this  was  due  to  a  shift  in  mechanism,  but  a  passive  film  model  cons. intent 
with  the  data  is  proposed.  When  HoO  is  present,  chemical  corrosion  is 
believed  to  have  faster  SCC  kinetics  than  possible  competing  processes. 

This  was  demonstrated  for  the  second  purest  (99*92+$)  MgO)  specimens.  Test¬ 
ing  in  DMSO  +  10 %  DMF  and  DMF  gave  a  sufficient  separation  of  the  data  to 
conclude  that  the  Rebinder  effect  was.  operative.  Thus,  under  certain  condi¬ 
tions,  SCC  can  result  from  a  dislocation  model,  of  crack  nucleation.  Stress 
intensity  factors,  K,  were  calculated  based  on  the  conclusion  that  the 
Griffith  model  was.  operative.  The  calculated  K-V  (velocity)  diagram  was 
thought  to  be  qualitatively  correct  in  showing  that  the  second  pure  :t  sintered 
grade  of  MgO  had  the  best  overall  behavior  in  terms  of  dry  strength  and  static 
fatigue  in  a  HoO  environment.  However,  the  static  fatigue  performance  and 
nearly  identical  Kjpcc  for  the  highest  purity  material  suggested  that  the 
high  purity  hot  pressed  grade  showed  the  most  promise  from  a  materials  develop 
meat  viewpoint. 


I .  INTRODUCTION 


Crack  propagation  by  stress  corrosion  is  a  frequently  encountered 
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corrosion  model  applies  although  some  question  remains^  as  to  whether  the 

Charles  and  Hillig^  stress  dependent  chemical  reaction  between  water  and  a 

pre-existing  flaw  theory,  the  Cox/  atomistic  weakening  theory,  or  the  ion 

3 

exchange  theory'  applies.  Alumina  is  the  crystalline  ceramic  most  extend vc- 
a_li 

ly  studied"  with  investigators  initially  proposing  fatigue  being  due  to 

1  O 

chemical  processes-1-^,  as  alumina  was  thought  to  behave  in  a  completely 
brittle  manner,  and  more  recently^*  J  suggestions  based  on  static  and  cyclic 
fatigue  results  indicate  that  dislocation  motion  and  crack  tip  lattice 
defect  creation  are  likely  causes  of  failure. 

Few  static  fatigue  tests  have  been  performed  on  MgO ,  which  is  surprising 
since  it  has  served  as  a  model  system  for  the  examination  of  mechanical 
phenomena  in  ceramics.  Charles-^  performed  dynamic  i!hO°C  compressive  texts 
cn  single  crystal  MgO  in  saturated  H?0  vapor  and  dry  II  ^  with  resulting 
failure  stresses  of  8  Kpsi  and  26.6  Kpsi,  respectively.  Considering  the 
known  hydration  behavior  of  MgO,  he  speculated  that  a  chemical  stress  corro¬ 


sion  model  similar  to  glass  applied.  Janowski  and  Rossi~5  noted  loss  of 
strength  'in  polycrystalline  MgO  by  water  vapor  attack  with  a  similar  inter¬ 


pretation.  In  contrast,  Rice1^  interpreted  a  loss  of  dynamic  strength  for 

both  single  and  poiycrystaHine  MgO  tested  in  ”.->0  to  be  a  result  of  enhanced 

dislocation  mobility  by  the  Rebinder  effect.  A  number  of  models,  have  ,.ecai 

1  •  / 

propo-ed  to  explain  th<  Rebinder  effect  which  basically  upnJi.es  to 
al  /orptl  on- i  ndueed  reductions  in  hardness  or  enhanced  hi.  location  mobilities  . 


K..0 


r< 


cod  et  al" '  measured  ’.light  i  ncreases  in  dislocation  mobility  for  the 
nv i ronment  compared  to  ambient,  and  further  enhance::!'  sits  by  a  factor 
d inetnyl  f ormami do  (DMF),  a  high  dipole  moment  organic  molecule.  The 
s"d  that  the  observed  Rebinder  effect  was  due  so  ciiem  i :  ovpt  i  on-  •  nducc 
sen -i !  ur  shies  a  '  torch  th-  electronic  cor.'  structure  of  near  urfesc 


of 


dislocations  and  point  defects  and  consequently  the  resistance  of  the  lattice 

to  dislocation  flow.  Shockey  and  Groves1®  concluded  that  the  increased 

fracture  surface  energy  in  H^O  as  measured  by  the  double  cantilever  method 

was  due  to  increased  surface  roughness  due  to  a  change  in  the  fracture  plane 

perhaps  imposed  by  a  chemically  altered  surface  "'ayer.  Measurements  in  DMF 

failed  to  show  any  enhanced  toughening  due  to  higher  dislocation  mobilities. 

Clear  evidence  has  been  generated  for  a  dislocation  mechanism  of  crack 

nucleation  in  single  crystal  Mg0^9>20.  Rebates  continue,  however,  between 
n  pi  pli 

investigators-1-0* on  th'  -.echanism  of  dynamic  fracture  under  ambient 

conditions  in  polycrystalline  MgO.  On  one  hand,  fracture  can  be  caused  by 

the  fulfillment  of  the  Griffith  criteria  on  the  elastic  propagation  of 

existing  flaws,  or  alternatively  mobile  dislocations  can  interact  with  other 
I  p,  pn  ok 

defects4-0  or  structural  features  to  nucleate  a  critical  crack.  The 

answer  probably  lies  in  between  with  the  mechanism  dependent  on  the  surface 

condition  and  lattice  hardness,  e.g.,  elastic  extension  of  cracks  for 

25 

machined  surfaces  and  Stroh  model  dislocation  initiated  fracture  on  chemi¬ 
cally  polished  surfaces. ^  Further,  Rice1®  has  shown  that  increased  strengths 
are  observed  for  specimens  which  experienced  slow  annealing  which  apparently 
distilled  off  impurities  The  mechanical  behavior  of  polycrystalline  MgO  is 
obviously  very  complex  and  not  subject  to  simple  analysis,  but  the  vast 
background  available  offers  an  opportunity  to  study  phenomena  that  may  occur 
In  many  systems . 

A  major  goal  of  this  study  was  to  define  the  level  of  stress-corrosion 
'.•lacking,  f’.CC,  for  dense  polycrystalline  MgO  not  only  to  indicate  the 
severity  of  the  problem  from  a  design  viewpoint,  but  to  determine  if  such 
measurement:;  could  further  elucidate  the  mechanism  of  crack  nucleation  and/or 

A  second  major  objective  was  to  determine 


propagation  in  polycrysta.il ino  MgO. 


t-V  ’  f  • 
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if  some  material  property  such  as  microstructure  or  chemistry  controlled 
the  level  of  SCC. 

II.  EXPERIMENTAL 


A.  Materials 


Testing  was  conducted  on  four  grades  of  MgO  spanning  the  range  of 
commercially  available  electronic  qualify  materials  plus  a  high  purity  grade 
developed  specifically  for  the  purposes  of  these  experiments.  Preliminary 
testing  suggested  that  a  high  purity  material  might  be  essential  toward 
interpreting  results.  The  latter  material  rr.  vacuum  hot  pressed  using  MgO 


powder  that  was  rotary  calcined  from  99*9998 MgCO  ,.  Table  I  describes  the 
general  character  of  the  four  materials  tested.  Grade  II  material  was  the 
highest  quality  sintered  MgO  available  commercially  and  also  the  second 
purest  grade.  Grade  III  was  ambient  atmosphere  hot  pressed  and  Grade  IV 

was  optical  grade  MgO  produr-  *.  .  a  ..  j'jo  LiF  densif ication  aid.  A  post 

,  o  , 

pressing  anneal  of  60  hrs .  at  1000  C  reduced  the  LiF  content  to  0.1  'p.  In 

general,  one  large  billet  of  each  grade  was  employed  for  the  program  to 

eliminate  the  problem  of  sample  to  sample  Inhomogeneity.  The  problem  of 

witnin-billet  homogeneity  was  approached  by  dividing  the  billets  into  zones, 

and  spreading  specimens  from  each  zone  among  the  testing  environments  and 

condi.t  Lons . 

All  specimens  were  tested  with  machined  surfaces  where  the  final  opera- 
1 1  on  was  grinding  with  a  hOO  grit  diamond  wheel  parallel  to  the  long  axis  of 
t:/-  bar.  The  use  o!'  machined  surfaces  having  an  abundance  of  surface  flaws 
..a  thought  das.  i  ruble  In  insure  a  surface  fracture  origin.  The  question  of 
nfer  machining  gave  a  work  hardened  Layer  preventing  surface  mu:  looted 
fra  ■‘.nr"  ’  was  eons  i  do  red.  in  the  fracfograiiti ■  ■  analysis.  A  I  ab-inra  radius 
,  •;  ••  l,:"  two  fens  i  !e  edees  i...  —  •  •>*.•  ••  ;  i  y 
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The  chemistry  of  Grade  I  wan  examined  in  detail  by  spark  source  mans 
spectroscopy  and  emission  spectroscopy.  The  values  reported  in  Table  I  are 
spark  source  numbers  on  the  specimen  employed  in  the  testing  program.  The 
starting  powder  was  analyzed  by  both  techniques  and  the  reported  spark 
source  numbers  were  2-10  times  higher  than  the  emission  spectrograph  value:;, 
e.g. .  30  ppm  Ca  by  spark  source  spectroscopy  and  3  ppm  Ca  by  emission  spectro¬ 
scopy.  This  discrepancy  in  analytical  techniques  underestimates  the  differ¬ 
ence  in  Grade  I  and  Grade  II.  Grade  I  is  probably  10  to  30  times  purer  than 
Grade  II  instead  of  the  factor  h  indicated  in  Table  I.  The  analytical 
comparison  of  the  fabricated  piece  and  powder  for  Grade  I  revealed  that  Fe 
was  the  only  element  introduced  bringing  the  concentration  from  30  ppmw  to 
100  ppmw.  The  analyses  for  the  remaining  grades  are  typical  emission 
spectroscopy  results  not  specifically  of  the  specimens  tested. 

The  microstructures  for  the  four  materials  are  illustrated  in  Figure  1. 
All  of  the  structures  are  equiaxed.  The  grain  sizes  reported  are  the  linear 
intercepts  corrected  for  geometry  by  the  factor  1.).  The  strengths  for  each 
grade  were  normalized  relative  to  that  billet's  dynamic  dry  strength,  making 
it  possible  to  test  materials  of  different  grain  size,  etc.  In  general,  she 
porosity  was  located  at  a  grain  surface  site.  Grade  IV  had  82#  total  trans¬ 
mission  confirming  its  low  porosity  while  Grade  HI  was  transparent  but  to 
a  lessor  degree.  The  structure  of  the  grain  boundaries  wore  ex mined  by 
electron  microscopy  techniques  on  fracture  surfaces  (Figure  2).  The  fracto- 
grnphs  for  Grades,  II,  III,  and  IV  show  an  apparent  0.1  to  0.2  urn  width  which 


Is  interpreted  as  being  evidence  for  a  grain  boundary  phase.  Electron 
'11  {Traction  was.  performed  on  numerous,  "pull -off"  particles  on  the  Grade  HI 
rep  1.1 '-a  Many  of  these  were  MgO  as  expected,  but  one  pattern  indexed  as 
A  ; which  is  taken  as,  further  evidence  for  discrete  grain  boundary 


65 


i 


phases .  Grade  I,  the  highest  purity  material  was  examined  by  both  replies 
and  scanning  electron  microscopy  and,  although  the  boundarie..  appeared  if- 
it  was  unclear  if  they  were  completely  free  of  a  second  phase.  Secondary 
X-ray  emission  mapping  was  not  productive,  but  integrated  counting  on  a 
fracture  surface  demonstrated  a  high  Ca  concentration  relative  to  that 
expected  based  on  the  bulk  analysis.  This  was  taken  as  evidence  ior  Ca 
segregation  at  grain  boundaries  in  Grade  I  material. 

3 .  Test  Technique 

Base  line  dynamic  strengths  were  established  for  the  four  grades,  by 
testing  in  corrosion-free  environments.  It  is  generally  agreed  that  testing 


in  liquid  N2  provides  one  such  environment.11'14  Since  a  mechanical  model 
of  fracture  initiation  was  also  being  considered,  it  was  important  to 
consider  the  fact  that  the  ^  110^  <■  110>  yield  stress  increases  by  a  factor 
of  two"?  from  23°C  to  -196°C.  Thus,  on  alternate  base  line  strength,  test¬ 
ing  technique  consisted  of  heating  the  sample  to  900°C  in  argon,  holding  for 
1  hr.,  cooling  to  23°C,  and  loading  the  specimen  without  altering  the  environ¬ 
ment.  Ease  line  tests  on  Grade  IV  gave  209  MN/n'_  in  liquid  and.  210  Mti/nr 
in  argon.  The  strerrths  were  judged  equivalent;  however,  base  line  strengths 
for  the  other  grades  were  established  by  the  bake-out  argon  test  at  a  strain 
rate  of  8  x  10“ 5  sec"1  and  are  designated, 

Long  term  tests  were  conducted  in  a  lever  arm  test  f’rame  equipped  with 
mi crosv Ltd:  to  record  time  to  failure  at  a  given  stress.::.  ,\  brass  4-point 
herd  test  fixture  was  equipped  for  holding  liquids.  Tungsten  (outer)  and 
alumina  (inner)  knife  edges  employed  a  thin  mylar  sheet  to  give  separation 
,,''orn  the  test  bar.  This  precaution  prevented  chemical  interaction:  even 
:ri  tf/.  .  tn  ,  Vr.0k  tests.  Instil  led  1L-.0  was  ompl  oyod  as  a  test  environment 
f,:/l  t  v,-f  i ,  •  .judged  nig:  1  y  enrros  i  ye  by  the  reaction 
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MgO  +  H20  - ►Mg(0H)2  (1) 

Testing  on  the  effect  of  increasing  dislocation  mobility  stress  corrosion 
vae  performed  in  the  environmento  employed  by  Wetstwood  L't  in  their 

classic  dislocation  mobility  experiments  on  MgO.  Dimethyl  formamide  (DMF), 
either  pure  or  as  1  M  DMF  should  enhance  dislocation  mobility  by  n  factor  of 
6-7  over  HgO.  A  third  testing  environment  was  dimethyl  sulphoxide  (DMSO) 
plus  10$  DMF  which  was  shown  to  depress  dislocation  mobility  over  pure  DMF 
to  about  the  same  level  as  H20;  thus,  in  combination  with  the  other  environ¬ 
ments,  provided  a  separation  of  chemical  and  mechanical  effects.  Each  sample 
was  immersed  for  1  hr.  prior  to  loading  to  insure  complete  absorption  and 
equilibration  of  surface  and  near  surface  charge  effects.  The  loading  and 
timing  devices  were  constructed  such  that  data  was  judged  accurate  for  2  sec. 

III.  RESULTS 

A .  Dynamic  Tests 

Dynamic  bend  strength  measurements  first  raised  the  question  of 
the  importance  and  mechanism  of  stress-corrosion  in  MgO.  A  billet  of  Grade  III 
material  having  a  6.5  p  grain  size  was  tested  in  air  and  argon  after  a  900°C  - 
1  hr.  out  gas, .  "  An  average  of  four  8  x  10”  ^  sec  strain  rate  tests  gave 
strengths  of  298  MW/m^  and  296  MN/m^  for  the  two  environments,  respectively. 
This  was  in  marked  contrast  to  similar  tests  on  A120?;^  where  strength 
reductions  of  2 0$  were  experienced  for  ambient  tests. 

Limited  dynamic:  testing  was  performed  on  the  billets  for  this 
study.  Lot  only  was  it  important  to  establish  the  "corrosion-free"  strength, 
nut  the  effect  of  the  various.  J iquid  test  environments,  on  dynamic  strength 
was  determined.  The  average  of  j-6  strength  measurements,  for  each  condition 
!  reported  in  Table  IT. 
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TABLE  II 


Dynamic  Strength  of  MgO  Specimens  in  Various  Environment:-, 


_ Four-Point  Bend  Stren  th,  MN/m' 

Argon - 

After  Anneal,  Liquid 

fT”-n  N0  Ambient  HoO  DMF 


DMGO- 
J/><  DMF 


Grade  I 

46  ;un  G.S.  149 

Grade  II  192  172  174  107 

43  /am  G. S. 

Grade  III  167 

26  /am  G.S. 

Grade  IV  210  109  lb 3 

30  pm  G.G. 


The  ambient  teats  on  Grader.  Ill  and  IV  are  both  lower  than  the  argon 
tecta,  but  the  difference  is  within  the  +  20.7  MI\l/m‘"  standard  deviation 
for  each  test.  Testing  on  Grade  II  vac  performed  in  liquid  HgO  and  again 
only  slightly  lower  strengths  were  measured  compared  with  the  dry  strength. 
Clearly,  then,  on  the  baric  of  dynamic  tests,  there  was  very  weak  evidence 
for  the  stress  corrosion  action  of  Ho0  on  MgO.  Similar  tests  on  other 
ceramics,  notably  AlpO-..  arid  glass,  would  have  clearly  demonstrated  the  lose 
of  strength  due  to  stress-corrosion. 

The  tests  of  Grade  II  in  DM?  and  DMGO-lOp  DMF  gave  results  within  the 
scatter  of  the  dry  strengths.  Thus,  no  firm  conclusions  can  be  drawn  concern- 


nitiation  and  propagation. 


±.n  contra. 


n  n 

Westwood  and  I, atari Lsion'  J  where  drilling  rate  was  affected  by  n-alcchci 


v  ■  aments ,  and  the  results  interpreted  to  be  the  result  of  the  Rebj.  rider 
If  the  No hinder  effect  required  an  incubation  period  or  other  time 
s'lesh  jir' ’••esses,  drilling  would  be  expected  to  suppress  the  effect  to  a 
V  r  -I'-gree  than  a  dynamic  strength  t<  :t.  The  strength  result.-  are 
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consistent  with  a  portion  of  the  Westwood  et  al^  study  on  dislocation 
mobility  in  single  crystal  MgO.  They  found  that  dislocation  mobility  after 
2  sec  of  load  application  was  insensitive  to  environment  and  only  after  a 
longer  10  sec  application  were  the  Rebinder  effects  apparent.  The  dynamic 
strength  results  appear  to  follow  this  type  of  behavior  and  it  if;  quite 
puzzling  why  drilling  should  be  any  different. 

The  CTjj  values  appear  consistent  with  previous  literature  value::  on 
MgO  produced  by  similar  processes  and  with  similar  microstructure;:.  Leipold 
and  Nielsen^  and  Rice^  noted  lower  strengths  for  the  highest  purity  samples 
after  normalizing  for  microstructure  effects.  This  was  attributed  to  higher 
dislocation  mobility  resulting  from  reduced  Pierls  stress  which  promoted 
early  dislocation  nucleated  fractures.  The  Grade  II  sintered  specimens 
might  be  expected  to  have  slightly  higher  strengths  than  hot  pressed  speci¬ 
mens  of  equivalent  microstructure  due  to  the  expected  reduction  in  anion 
impurity  concentration  from  the  sintering  cycle.  This  also  explains  the 
higher  strength  of  Grade  IV  compared  with  Grade  III  and  Grade  IV  was  annealed 
in  a  slow  heating  rate  cycle  that  has  been  shown  by  Rice1  to  reduce  anion 
concentration  and  increase  strength. 

B.  Static  Tests 

Dead  load  tests  in  distilled  HgO  are  plotted  in  Figure  'j  for 
Grades  I  and  II.  Due  to  the  large  scatter  which  is  typical  of  stress- 
■••orros  i  or.  ro-.ults,  the  data  for  Grades  III  and  IV  are  plotted  in  Figure  !». 
Also  shown  in  Figure  4  are  the  straight  lines  for  the  best  fit  to  the  data 
'•f  F :  gi;  -o  ,.  Points  a  i  ghl ;  ghted  with  an  arrow  indicate  a  tost  discontinued 


n, , 


urf: . 


.'•uch  points  we  re  used  in  drawing  the  indicated  lines  with 


a  \,v  rig  weighting  factor  if  the  point  was  above  the  general  fit  ef  th 
jh  ha  -"id  lessor  weight  if  the  point  was.  below  the  line. 


Grades  IT  and  III 
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exhibit  different  slopes,  but  the  closeness  and  scatter  of  the  data  require 
a  qualification  of  the  distinct  ion  between  these  net-,:  of  data.  It  in  clear, 
however,  that  the  delayed  failure  curves  of  Grade  I,  Grade (n)  (II  and  III), 
and  Grade  IV  arc  markedly  different  both  in  slope  and  relative  effect.  The 
difference  in  slope  implies  that  different  kinetics,  are  involved  which  could 
mean  one  type  of  process,  say  for  example,  chemical  corrosion  was.  proceeding 
at  different  rates  through  different  phases  or  pseudo  phase' •  of  different 
chemistry.  The  term  pseudo  phase  is  meant  to  include  grain  boundaries  with 
different  concentrations  and/or  species  of  segregated  impurities.  A  second 
explanation  for  the  different  slopes  centers  on  different  fundamental  phoneme nt 
controlling  delayed  failure  of  one  group  compared  to  the  next,  e.g.,  chemical 
stress  enhanced  corrosion  in  one  and  dislocation  glide  induced  crack  growth 
in  another.  Further  discussion  of  this  and  the  apparent  differences  in  the 
fatigue  Limit  (the  applied  stress  below  which  no  failure  of  tne  specimen  can 
occur)  Is  deferred. 

Both  DM?  and  1  molar  DMF  were  employed  for  the  data  reported  in  Figure  •> 
..'e/twood  ct  al~  1  reported  both,  media  to  have  approximately  equal  effect  on 
the  enhanced  dislocation  mobility  provided  a  UOOO  sec  soak  was  employed. 

Tse  tests  reported  were  held  under  the  liquid  environment  for  1  hr.  prior  to 
.'■■ad  lug.  One  advantage  to  pure  DMF  environment  was  its  freedom  from  OK", 

•,s.Ic:  -ould  provide  competitive  chemical  corrosion.  The  different  grades 
exhibited  distinctly  different  behavior  in  terms  of  CT  / 
Intercepts,  hut  unlike  the  behavior  in  Hp0  the  slopes  appear  about  equal. 

I-  I  .•  Implies  taut  a  similar  mechanism  is  responsible  for  the  onset  of  fa Li¬ 
ce  I:  ear:  rrade. 

It.:  Is  IK DMF  environment  on  Grade  I  materia  1  are  compares 
the-  ether  etiv  Lroiunents. 


(  :  y 


in  F igurc  ’>. 


Again,  a  I  hr.  exposure 
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to  the  environment  prior  to  loading  van  employed.  The  data  for  thin  environ¬ 
ment  exhibited  little  scatter.  However,  due  to  the  scatter  of  data  in  the 
other  environments,  it  does  not  appear  possible  to  draw  conclusions  regarding 
distinguishable  behavior  from  one  environment  to  the  next  for  Grade  I. 

The  data  for  Grade  II,  plotted  in  Figure  7,  exhibits  greater  separation. 
The  DMS0-10$  DMF  data  falls  midway  between  failure  data  In  HpO  and  IMF. 

Three  orders  of  magnitude  in  time  separate  the  expected  failure  times  in  ]Jo0 
and  DMS0-10$  DMF,  and  approximately  one  order  of  magnitude  separate  the  DMF 
and  the  DMS0-10$  DMF  data.  The  significance  of  the  seapration  for  the  latter 
two  environments  may  be  argued,  but  the  authors  attach  moderate  significance 
to  all  three  sets  of  data. 

Grade  IV  was  tested  in  more  than  one  environment,  and  a  comparison  for 
the  delayed  failure  in  H2O  and  1M  DMF  is  shown  in  Figure  8.  This  short  time 
data  in  1M  DMF  is  quite  interesting.  Attempts  to  load  above  0“/  CT"^  =  0.677 
in  this  environment  resulted  in  immediate  failure,  thus  the  effect  of  1M  DMF 
is  the  reverse  of  that  found  for  Grade  II. 

C .  Fractography 

Replica  and  scanning  electron  micrographic  techniques  were  employed 
to  examine  the  fracture  surface  near  the  tensile  edge.  Figure  9a  illustrates 
a  series  of  linear  etch  pits  found  in  a  Group  II  HpO  tested  specimen  which 
fractured  after  l.P  x  10^  sec.  Another  grain  face  of  this  specimen  (closer 
to  the  tensile  surface)  also  showed  etch  pits,  but  with  an  apparent  random 
crystallographic  orientation  and  flat  bottoms,  Figure  9b.  The  linear  pit 
Lines  are  interpreted  to  correspond  to  arrest  points  of  the  crack  front. 


The  ri:i‘i'r. of  the  pattern  on  Figure  ■  H,  and  the  apparent  flat  bottoms 
argue  again,  k  tseir  being  associated  with  d  i  s local;  i  oris  .  Thus,  the  i  liter¬ 


s' •tn  t 


it  ••nemi  on  I  eorro::  i  on  general".-  the  pits  with  ;  noreused 
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activity  at  regions  of  stress  concentration.  A  Group  IV  specimen  also 
fractured  ir  H?0  after  6.8  x  10 ^  sec  t'.  failure  exhibited  u  corroded  grain 
face  and  a  semicircular  pattern,  Figure-  iO.  This  semicircular  pattern  wax 
also  interpreted  as  being  caused  by  intermittent  crack  movement  associated 
with  chemical  corrosion. 

A  zone  near  the  tensile  surface  on  a  fracture  face  of  a  Group  I  speci¬ 
men  tested  in  1M  IMF  was  examined  by  scanning  microscopy  techniques.  The 
fracture  origin  was  not  located  nor  were  any  features  located  that  could- 
differentiate  the  mechanism  of  crack  nuc lest ion  or  growth.  Figure  11  illu¬ 
strates  one  region  about  ?0  urn  from  the  tensile  surface  where  the  cleavage 
fracture  tracings  reveal  that  the  crack  front  was  moving  away  (in  direction 
of  arrow)  from  the  tensile  surface.  Since  this  distance  is  essentially  one 
grain  in  from  the  surface,  it  vas  concluded  that  a  surface  crack  caused 
failure.  Furthermore,  the  crack  had  probably  reached  critical  dimension  and 
was  traveling  at  high  velocity  by  the  time  the  cleavage  fracture  tracing:: 
were  created. 

Ar.  extensive  survey  by  scanning  microscopy  was  also  performed  on 
Group  I  specimens  tested  in  H^O  and  also  in  DMFO  .  10$  DMF.  No  positive 
identifications  of  fracture  origins  were  found  in  either  case.  This  in  part 
spoke  for  the  uniformity  of  the  material  and  freedom  from  flaw::  much  larger 
tsar.  the  grain  size  found  as  fracture  origins  in  many  materials.  Figure  IP 
illustrates  a  zone  on  a  DM30  -  10$  DMF  fracture  surface  adjacent  to  the 
tor..  -  lie  surface.  The  saw-toothed  cleavage  fracture  is  unusual  in  poly- 
crystalli.no  materials  and  may  have  a  similar  origin  to  that  observed  by 
;  ■  •  and  Grove.-1' '  in  singl  e  crystal  MgO.  They  attributed  this  to 

••  •r.r.'fu !  corrosion  'it  the  crack  tip  forcing  the  crack  front  to  deviate  from 
a  !'•:  c  r-i  cleavage  plane.  In  the  case  of  a  pol  ycryxtn  i  1  i  no  material,  the 
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crack  front  is  influenced  by  the  energy  for  propagation  through  adjacent 
grains  as  well  so  it  is  not  clear  that  the  same  reasoning  can  be  applied. 

In  fact,  several  grains  near  the  saw-toothed  grain  have  undergone  trans- 
granular  fracture  which  require  shear,  a  process  that  probably  requires  more 
energy  than  the  saw-toothed  higher  surface  area  cleavage  fracture.  Also 
note  the  one  intergranular  fracture  which  undoubtedly  requires  the  least 
energy  of  the  three  types  illustrated  in  this  one  micrograph.  The  fracture 
tracings  indicate  that  the  direction  of  crack  growth  (in  direction  of  arrow) 
was  away  from  the  tensile  surface  as  expected  for  growth  of  a  surface  crack. 

IV.  DISCUSSION 

One  concern  with  the  use  of  machined  bend  specimen  surfaces  war  the 

ifi 

possibility  that  the  surface  would  be  work  hardened  as  discussed  by  Ricexw 
to  the  point  where  sub-surface  fracture  origins  would  control  failure.  In 
this  case,  fatigue  response  to  the  environment  would  probably  not  be  observed 
since  the  environment  would  not  have  access  to  the  crack  tip.  Since 
pronounced  negative  slopes  were  observed  particularly  on  the  fatigue  curves 
for  Grades  II,  III,  and  IV  MgO,  it  was  concluded  that  surface  fracture 
origins  were  observed.  The  extremely  flat  curves  for  Grade  I  required  more 
extensive  consideration  of  this  question.  A  sample  from  each  testing  environ¬ 
ment  was  examined  extensively  by  scanning  electron  microscopy.  Figures  11 
and  12  demonstrate  for  the  cases  illustrated  that,  although  the  origin  of 
fracture  could  not  be  found,  the  crack  front  was  traveling  away  from  the 
surface  within  one  grain  depth  from  the  surface.  Similar  observations  were 
noted  for  the  HpO  environment  and  dynamic  test.  This,  combined  with  the 
no- gat  i  ve  slopes  on  the  fatigue  curve,  was  taken  .as,  evidence  for  surface 
frn/'ture  origins..  Re-binder  effects  of  over  -.0  urn  would  be  required  to 
explain  the  rvgative  slopes  of  the  fatigue  curves  and  sub-surface-  J  is  location 
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nucleation  events  resulting  indirectly  from  a  work  hardened  surface  layer. 
Rebinder  effects  in  the  order  of  10  um  have  been  discussed^,  and  more 
extensive  effects  seem  unlikely. 

Figure  4  illustrates  marked  differences  in  SCC  resistance  in  HpG  for 
the  four  grades  of  MgO.  It  would  appear  that  the  origin  for  these  differ¬ 
ences  lie  in  either  microstructural  or  chemical  differences.  The  specimens 
were  all  impermeable  since  they  were  >99-3#  density,  and  the  observed 
phenomena  should  not  be  a  consequence  of  density  differences.  This  view 
is  substantiated  by  the  results  of  Janowski  and  Rossi^  who  found  evidence 
for  internal  attack  by  H20  with  a  corresponding  loss  of  strength  for  hot 
pressed  MgO  having  >1.5#  porosity,  but  not  for  specimens  <£0.58#  porosity. 
Further,  Grades  I  and  II  were  the  most  resistant  grades  and  had  the  highest 
porosity.  The  program  did  not  cover  a  vide  range  of  grain  sizes.  Grades  I 
and  II  were  essentially  the  same  grain  size  and  were  a  factor  of  1.6  larger 
than  Grades  III  and  IV.  This  resulted  in  their  being  a*30#  less  grain  bound¬ 
ary  area  in  Grades  I  and  II  than  III  and  IV.  If  corrosion  followed  grain 
boundaries,  the  finer  grain  size  material  would  possess  the  greatest  slopes. 

In  a  qualitative  sense,  this  behavior  is  followed.  However,  several  factors 
lead  to  the  conclusion  that  grain  size  differences  alone  do  not  explain  the 
observed  behavior.  Firstly,  a  considerable  difference  in  fatigue  behavior 
was  measured  between  Grades  I  and  II  having  the  same  grain  size  and  similarly 
Grades  III  and  IV  exhibit  marked  fatigue  differences  with  similar  grain  sizes. 
A  second  point  is  that  Grades  II  and  III  show  somewhat  similar  fatigue 
behavior  but  possess  the  maximum  difference  in  gra'i n  size.  Thus-,  it  was 
concluded  that  the  differences  in  fatigue  behavior  in  IU0  are  not  strictly 
a  consequence  of  grain  size  differences.  The  third  material  property  cons id- 
'•ro'l  t">  expia  in  the  HpO  fatigue  curves,  was.  chemical,  composition.  Particularly 
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noteworthy  was  the  very  low  fatigue  slope  for  Grade  1,  the  purest  material 
followed  by  Grade  II,  the  next  purest  grade.  The  fatigue  behavior  of  Grades 
III  and  TV  is  reversed  from  the  expected  behavior  based  strictly  on  purity. 
The  electron  microscopy  of  Figure  2  and  findings  of  other 31  demonstrate 
that  some  impurities  segregate  at  grain  boundaries  and  in  fact  form  discrete 
second  phases.  One  would  expect  that  the  composition  of  the  grain  boundary 
phase  would  depend  on  the  specific  species  involved  depending  on  its  solid 
solubility  and  concentration.  Ca+^,  Na+1,  and  Si+\  for  example,  have 
extremely  low  solubilities.  It  is  postulated  that  stress-corrosion  resist¬ 
ance  in  H2O  is  controlled  by  stress  enhanced  chemical  attack  along  a  grain 
boundary  crack,  the  material  free  of  a  grain  boundary  phase,  or  showing  very 
little  phase  would  exhibit  the  greatest  stress-corrosion  resistance.  If 
several  grades  had  about  the  same  level  of  impurity,  but  basically  had  a 
grain  boundary  phase,  slightly  different  stress-corrosion  rates  could  be 
observed  depending  on  the  rate  of  stress  enhanced  chemical  attack  on  the 
particular  grain  boundary  phase  in  question.  This  would  explain  the  apparent 
reversal  in  corrosion  resistance  for  Grades  III  and  IV.  Weiderhorn  and 
Bolz^^  have  shown  that  different  glass  compositions  have  different  values  of 
Kjg.  A  dislocation  model  for  crack  nucleation  would  pr°c]ict  that  the  purest 
material  would  exhibit  the  least  lattice  resistance  to  dislocation  flow. 

This  effect  would  predict  that  Grade  I  would  show  the  least  stress -corrosion 
resistance  rather  than  the  greatest  resistance  as  observed.  Thin,  combined 
with  the  correlation  of  behavior  with  purity  and  the  fractographic  evidence 
for  corrosion  associated  with  crack  arrest  lines,  lead  to  the  conclusion  that 
:’CG  in  a  HpO  environment  is  due  to  a  chemical  corrosion  mechanism  with 
impurity  phases  in  the  grain  boundaries  being  the  principal  point  of  attack. 

Most  glass/' '  1  and  crystalline  oxide  •'  -J 


matr rials  exhibit  static 
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fatigue  limits  of  >0.2  CT^  <  0.6  (J“D;  thus,  the  apparent  fatigue  limit:; 
shown  in  Figure  k  warrant  discussion.  MgO  Grades  III  and  IV  appear  to 
approach  fatigue  limits  in  the  expected  range.  The  establishment  of  a 
fatigue  limit  cannot  be  exact  because  of  the  scatter  and  difficulty  in 
collecting  data  >  10^  sec  (11.6  days).  However,  Grade  II  and  especially 
Grade  I  are  clearly  outside  the  expected  range.  One  possible  explanation 
is  that  in  high  purity  MgO,  free  of  grain  boundary  phases,  stress  enhanced 
corrosion  builds  a  layer  of  coherent  corrosion  product.  This  product 
achieved  a  semi-stable  geometry  which  extended  very  slowly  under  the  condi- 

I' 

tions  of  these  tests.  The  formation  of  Mg(0H)2^  which  is  known J'j  to  have 
some  matching  coherent  planes  with  MgO,  would  seem  a  likely  corrosion  product 
in  an  HpO  environment.  Crack  extension  may  become  limited  by  the  rate  of 
OH"  diffusion  through  this  layer.  This  model  would  be  termed  the  "passive 
film"  model  by  terminology  common  to  explaining  stress-corrosion  in  metals. 

In  this  model,  crack  growth  rates  increase  each  time  the  film  breaks  by  any 
one  of  several  mechanisms,  e.g.,  thermal  cycling,  mechanical  cycling,  or 
lattice  strains  due  to  misfit  between  the  reactant  and  product.  The  very 
flat  fatigue  curve  for  Group  I  specimens  might  be  a  result  of  very  little 
breakage  of  the  film.  The  explanation  offered  for  the  less  pure  grades  is 
that  stress  corrosion  was  controlled  by  corrosion  of  the  grain  boundary 
phase.  From  the  available  evidence,  this  phase  may  be  a  silicate  glass 
phase,  thus  fatigue  behavior  more  in  line  with  that  found  for  glass  could 
be  observed.  A  second  model  to  explain  the  low  slope  for  Group  I  specimens 
is  that  the  mechanism  shifted  for  this  group  of  specimens  to  an  internal 
dislocation  nucleated  fracture,  for  example.  It  can  only  be  stated  that 
evidence  for  the  latter  mechanism  was  sought  by  scanning  electron  micro¬ 
scopy  but  not  found ,  and  the  passive  film  model  seems  self-consistent  and 
tr.e  best  explanation  at  this  time. 
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Testing  in  DMF  and  the  DMF-10$  DMSO  was  aimed  toward  further  elucidation 
of  the  crack  growth  mechanism,  but  the  question  of  whether  or  not  the  environ¬ 
ment  could  penetrate  to  the  crack  tip  in  the  time  of  the  experiment  war.  first 
addressed.  An  estimate  of  the  time  required  for  these  molecules  to  diffuse 
to  the  crack  tip  was  made  by  assuming  semi-infinite  plate  diffusion  (no  radial 
loss  of  diffusing  species),  a  D  =  3  x  10“°  cm  7  sec  which  is  about  the  lower 
limit  of  self -diffusion  of  large  molecules  in  liquids'"  ,  a  diffusion  dis¬ 
tance  of  one  grain  length  (45  yum  maximum),  and  50^>  saturation  to  be  effective. 
There  conservative  conditions  are  satisfied  in  approximately  5  sec,  which 
in  a  short  time  compared  with  the  presoak  and  total  time  to  fracture  for  all 
experiments.  From  a  molecular  size  viewpoint,  the  longest  chain  length  war 
calculated  to  be  5.1  %  and  5-6  a  for  IMF  and  DMSO,  respectively.  Thus,  it 
appears  reasonable  from  both  a  size  and  time  consideration  that  these 
special  environments  were  present  at  the  tips  of  surface  cracks  for  these 
experiments.  The  negative  slopes  shown  in  Figures  5-T,  as  well  as  the 
fracture  studies,  were  taken  as  evidence  for  surface  initiated  crack  growth. 

The  data  for  Grade  I  (Figure  6)  shows  sufficient  scatter  that  it  would 
be  difficult  to  draw  firm  conclusions.  The  high  C H/  CT^  is  one  of  the  causes 
of  this  scatter,  which  is  related  to  the  distribution  of  strengths  around  Crf). 
Greater  separation  in  the  data  for  the  three  environments  exists  for  Grade 
II  material  (Figure  7).  The  approximately  three  orders  of  magnitude  in  time 
maximum  separation  in  lines  appears  significant.  There  is  one  order  of 
mn r : . tube  difference  in  time  between  the  lines  for  DMF  and  DMf.'O  +  105  DMF; 
tnus.witn  the  scatter  in  strength, the  significance  of  this  separation  nay 
:  a  questioned.  The  relative  order  seems  reasonable  from  a  dislocation 
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follow  the  predicted  behavior  for  the  Stroh  model  where  dislocation:-  pile 
up  at  a  grain  boundary.  Under  these  conditions,  greater  dislocation  mobility 
leads  to  more  rapid  crack  nucleation.  Actually  any  crack  nucleation  model 
requiring  the  movement  of  mobile  dislocations  as  an  integral  part  of  fracture 
would  be  similarly  affected.  Examination  of  the  HpO  and  1  M  DMF  environment 
data  for  Group  IV  specimens  is  instructive  (Figure  8).  The  short  time  high 
load  behavior  indicated  that  1  M  DMF  greatly  enhanced  the  time  to  failure. 

At  longer  times  ( >10t  sec),  the  curves  converged  and  perhaps  should  be 
drawn  as  one  curve  with  a  static  fatigue  limit  of  3J  —  0.46.  It  may 
be  noteworthy  that  the  1M  DMF  environment  also  contain'-  0H“  leading  to  the 
possibility  of  competitive  kinetic  processes.  Is  it  possible  that  at  high 
load.  .  Lislocation  enhanced  crack  nucleation  proceed,  but  at  lower  loads 
chemical  corrosion  by  0H~  proceeds  at  &  rate  that  surpasses  dislocation 
nucleated  fracture?  This  indeed  seems  unlikely  as  Figure  5  shows  the  various- 
grader,  to  behave  quite  differently,  and  there  was  no  apparent  reason  for 
dislocation  processes  to  behave  so  differently  in  comparing  Grades  II  and 
TV,  for  example.  The  higher  purity  of  Grade  II  should  result  in  greater 
not  less  dislocation  mobility  than  Grade  IV.  The  finer  grain  size  of  Grade 


IV  does  not  explain  the  operation  cf  an  inherent  MgO  dl 

*  7(5 

at  lower  relative  stresses.  Westwood  and  Latanlsion ' 


sloeation  mechanism 
found  that  high 


dipole  moment  complexes,  also  affect  the  hardness  and  drilling  rate  in  soda- 
lime  glass,  by  an  absorption  induced  change  in  near  surface  flow  behavior. 

It  v.-as  argued  in  a  previous,  paragraph  that  the  Ho0  environment  behavior  of 
Grade  IV  material  was.  controlled  by  stress,  enhanced  chemical  corrosion  of 
OH"  at  the  glass  grain  boundary  phase.  Thus  it  appears  reasonable  to  suggest 
that  the  behavior  in  I'M  DIF  is  a  result  of  the  influence  of  this  environment 


lass  grain  boundary  phase 
oed  ot  al.  v 


manner  analogous  to  that  suggested 


It,  w&«  concluded  that  interpretation  of  the  Hg0  environment  tests 
based  on  an  extension  of  a  pre-existing  crack  was  valid.  The  conditions  for 
fracture  stress.  (J”,  which  must  be  satisfied  as  derived  by  Griffith  are 

’  ($£)  4  (2) 

where  E  is  Young's  modulus,  ^  is  the  surface  energy,  and  C  is  the  flaw  size. 

It  is  recognized  that  ^  should  include  a  geometrical  factor  to  account  for 

the  inclination  of  the  crack  path  to  the  stress  direction,  a  term  for  the 

energy  absorbed  by  dislocation  motion  associated  with  the  moving  crack  (this 

does  not  necessarily  imply  dislocation  nucleated  fracture),  a  term  for 

•'7 

subsidiary  cracking,  and  a  term  for  cleavage  step  formation.  Evans.'1 


concluded  that  the  dislocation  motion  term  was  dominant,  accounting  for 
about  9  of  the  measured  It  j/rrT  in  200  pc  grain  size  MgO. 

Using  notched  bars  and  slit  cracks  in  20  pn  and  50  pm  grain  size  MgO, 
Evans,  and  Davidge'-''  measured  ^  — U  j/n"2  for  50  pc  cracks  and  increasing  to 
a  plateau  of  Y”— li;  j/nr  for  too  pm  cracks.  In  the  absence  of  macroscopic 
thought  to  be  between  G !?.  and  OG  wnere  G  is  the  grain  size. 


i  iavr 


Using  MG,  the  GT^  data  of  Table  II,  ^  was  evaluated  by  equation  (l)  with 
the  following  results: 


Grade- 


Ill 

IV 


,  -T  /'m 

io.  •: 

16.1 

V  I, 

I  •  •* 


/a lues  agree  reasonably  well  with  those  of  Evans  and  Davidge  althoug 
for  Grade  II  is  a  little  large  for  a  66  pm  crack  and  Y  for  Grade  IV  is 
a  . 1 tt : •:  large  for  a  6 1  pm  crack.  This  may  imply  that  C  was  underestimated 
for  Use  e  t/wo  grades  of  material. 

tre  :  Intensity  factor.  ,  rl.  for  rely  cry  stall  ine  Mr  a  have  not 
cobe-rr.  i  .ee-d  directly,  it  may  be  of  some-  value-  to  report  calculated  values 
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based  on  a  Griffith  oraok  where 


k  =c r 


Jtfc 


The  fast  fracture  value  Kjq  was  calculated  from  3"^  in  Table  II.  For 
consistency  and  lacking  direct  measurement  of  the  flaw  size,  C  was  assumed 
to  2G.  The  stress  controlled  cracking  (SCC)  limit  Kjqqq  van  obtained  from 
a  best  estimate  based  on  the  data  of  Figures  3  and  h.  Stress  intensity 
versus  crack  velocity  relations  were  calculated  based  on  these  data  and  are 
plotted  in  Figure  13 . 

Weiderhorn  and  Bolz^  have  used  directly  measured  K-V  curves  to  predict 
static  fatigue  curves  for  several  silicate  glass  compositions.  These  calcula¬ 
tions  agreed  qualitatively  but  not  quantitatively  with  the  directly  measured 
fatigue  curves  of  Mould  and  Southwick1.  Thus,  it  is  probably  unreasonable 
to  expect  Figure  13  to  be  more  than  a  qualitative  representation  of  a  K-V 
curve  for  the  four  grades  of  polycrystalline  MgO  in  a  H^O  environment.  It 
is  interesting  to  note  that  higher  Kjq  values  were  calculated  for  Grades  II 
and  IV  than  the  high  purity  material.  Grade  I.  However,  only  Grade  II 
exceeded  Grade  I  and  by  a  very  small  margin  when  it  comes  to  a  question  of 
.  This,  of  course,  is  because  of  the  very  low  slope  to  the  K-V  cur/e 
(or  <3”/  <y“p  -  t  curve)  thought  to  be  a  result  of  the  high  purity  and  freedom 
from  a  grain  boundary  phase  in  Grade  I.  From  a  design  application  viewpoint, 
Grade  II  material  is  to  be  preferred  over  Grade  I  because  of  the  consistently 
hi r  er  K.  However,  from  a  materials  development  viewpoint,  it  -would  be 
advantageous  to  produce  a  material  with  higher  using  powder  of  Grade  I 
quality.  One  obvious  avenue  of  approach  would  be  to  reduce  the  grain  size 
of  the  oroduct  made  with  this  rovder. 


v.  oo::olu:-ioi;: 


l:.<-  rate 


stre.  -corrosion  cracking  of  polycrysta.il  Lne  Mr'  in  H./j 
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Is  strongly  influenced  by  the  chemical  purity  of  the  body  with  the  highest 
purity  material  giving  the  slowest  corrosion  rates.  SCC  in  lower  purity 
grades  is  probably  controlled  by  chemical  interaction  of  0H~  at  the  crack 
tip  which  is  thought  to  lie  in  a  (CaSiNaAl )0X  grain  boundary  phase,  explain¬ 
ing  the  different  corrosion  rates  for  the  various  grades  of  material,  static 
fatigue  limits  of  0.35  Cr"p  to  0.5  CT^  are  consistent  with  this  conclusion. 

The  highest  purity  grade  tested  (9S''98+<£>  MgO)  may  not  have  a  discrete  grain 
boundary  phase  so  the  low  stress -corrosion  rates  and  high  static  fatigue 
limit  of  ^0.83  0”p  may  be  characteristic  of  intrinsic  HOC  in  polycrystalline 
MgO. 

When  H2O  is  present,  chemical  corrosion  is  believed  to  have  faster  iiCC 
kinetics  than  possible  competing  processes.  This  was  demonstrated  most 
clearly  for  Group  II  specimens.  Testing  in  BMP  and  DM00  plus  DMF  mixtures 
gave  evidence  for  the  operation  of  the  Rebinder  effect  which  is  interpreted 
as  resulting  from  enhanced  OCC  by  a  Gtroh  dislocation  model.  This  condition 
applies  only  in  the  absence  of  HpD  in  the  environment  and  on  moderately 
nigh  purity  material  (>99.9^  MgO)  where  the  influence  of  a  discrete  grain 
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Figure  1 
Figure  2 
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Figure  9 

Figure  10 

Figure  11 

Figure  12 

Figure  13 


Etched  Microstructure  of  a)  Grade  I,  (t>)  Grade  II, 

(,c)  Grade  III,  and  (d)  Grade  IV  MgO. 

Electron  Micrograph  of  Fracture  Surfaces;  (a)  Grade  I, 

(b)  Grade  II,  (c)  Grade  III,  and  (d)  Grade  IV  MgO. 

Delayed  Failure  for  Grades  I  and  II  MgO  in  H20. 

Delayed  Failure  for  Grades  III  and  IV  Along  with 
Line  Representing  Grades  I  and  II  MgO  in  H?0. 

Delayed  Failure  in  1M  BMF. 

Delayed  Failure  of  Grade  I  in  H20^,  DMF  and  DM50  .  10$  DMF . 

Delayed  Failure  of  Grade  II  in  H20,  DMF . and  DMSO  .  10$  DMF . 

Delayed  Failure  of  Grade  IV  in  HpO  and  1M  DMF . 

Fraetograph  if  Group  II,  1.2  x  10®  sec.  Ho0  Environment 
Specimens  Exhibiting  a)  pits  associated  with  crack 
arrest  linen,  and  b)  random  flat  bovtom  pits. 

Fraetograph  of  Group  II,  6.8  x  10 3  :;ec.,  K20  Environment 
Specimen  Corroded  Grain  Face  and  Associated  Crack  Arrest 
Pattern. 

Fraetograph  of  Zone  Adjacent  to  Tensile  Edge  of  Group  I, 

1  x  10®  sec.,  Hi  DMF  Environment  Specimen,  Showing 
Direction  of  Crack  Propagation  (arrow). 

Fraetograph  of  a  Zone  Adjacent  to  Tensile  Edge  of  Group  I, 

1.8  x  103  sec.,  DM50-10$  DMF  Environment  Specimen  Showing 
Three  Types  of  Fracture  and  Direction  cf  Crack  Propagation. 

Stress.  Intensity  Factors  Calculated  from  Failure  Data. 
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FIGURE:  DELAYED  FAILURE  FOR  GRADES  I  AND  II  MgO 
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FIGURE  7.  DELAYED  FAILURE  OF  GRADE  II  IN  HoO,  DMF  and  DMSO  .  10#  DMF. 
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Figure  10.  Fractograph  of  Group  II,  6.8  x  10^  sec,  HpO 
Environment  Specimen  Corroded  Grain  Face  and 
Associated  Crack  Arrest  Pattern. 
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CRACK  VELOCITY,  Vs  m/sec 
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